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ABSTRACT
FIRE DYNAMICS IN AMAZONIA
by
Manoel Cardoso
University of New Hampshire, September, 2004
Fires are major disturbances for ecosystems in Amazonia. Because of their short
time scale and strong links to biogeochemical cycles, fires significantly affect fluxes and
stocks of carbon and nutrients, change air composition, and modify ecosystems structure
and functioning. Fires are strongly related to land-use, land-cover and climate conditions.
Because the increasing development of the region, these factors have been changing and
leading to different patterns of fire activity. Thus it is very important to understand the
dynamics o f fires in the region and to develop models that can project their potential
changes. To contribute in all these subjects, we used fieldwork, remote sensing and
modeling studies. These studies are presented here organized in four chapters. In the first,
we review several studies representing different methods for fire research with emphasis
in their synergy. We reinforced the benefits of high-resolution fire information for large
domains based on multiple methods, and discuss the challenges and perspectives for
producing such datasets. The second chapter presents a new fire model able to reproduce
the large-scale patterns o f fire activity and suitable for coupling to ecosystem models for
the region. Appling this model to scenarios of development, we found that that
substantially increased and altered fire patterns are likely to result from future land-use
practices without new efforts to mitigate fire activity. The third chapter presents a new
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method to enhance the interpretation of satellite fire data based on passive ground-based
analyses. Using that method we found that the total accuracy for two widely used fire
products is very high and dominated by accurate non-fire detection; fire-detection
accuracy is lower, and errors of commission were less than errors of omission. In the
fourth chapter, detailed relations between fire activity and changes in land use and cover
were determined using recent land-cover transitions data. The relations we found
confirmed results from independent studies where fire activity was positively correlated
with fragmentation and losses of forest area. In addition, we found indications that the
removal o f forest biomass and the age of forest conversion are dominant factors.
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INTRODUCTION

Studies of the tropical forests are motivated by several considerations. Perhaps the
stronger motivations come from two facts. First, tropical forests currently occupy only
~7% o f all land surface (Ward 2000). Second, more than half of all living species on
Earth are found in tropical forests (Lovejoy 1991, WCMC 1992). Amazonia, where this
study is concentrated, is the largest portion of tropical forests on Earth. The region
occupies ~4-106 km2, and is large enough to host Western Europe (INPE 2000). Globally,
land plants biomass stock -560-1015 grams of carbon (Schlesinger 1997), and
approximately 10% o f this total is found in Amazonia (Feamside 1986). Annually, -6-103
km of fresh water flow in rivers in Amazonia, and represents a significant fraction of the
global fresh water runoff (~40-103 km3 yr'1) (Schlesinger 1997). Because its intense
hydrological cycle, Amazonia is important influencing regional and perhaps global
climate conditions (The LBA Science Planning Group 1996, Keller et al. 2001).
Despite of its importance in the Earth System, Amazonia is undergoing rapid
changes. For example, the region has one of the highest rates of deforestation in the
world (Laurance et al. 2001), and is being actively developed (Brazilian Federal
Government 2002). Because of the importance of the region and the development
pressure, a Brazilian-lead international study (The Large Scale Biosphere Atmosphere
Experiment in Amazonia, LBA) is under way to better understand the functioning of the
region, and the sustainability of land-use practices (The LBA Science Planning Group

1
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1996, Keller et al. 2004). The research reported in this dissertation is part of the LBA and
is concentrated on the study o f fires.
One key to understanding the functioning of the region and the sustainability of
land-use practices is an understanding of fire. Fire is a useful and inexpensive tool for
maintaining pastures, removing vegetation after fallow periods, and clearing land
following deforestation (Nepstad et al. 1999). However, fires have also important
unintended consequences. Burnings have significant implications for the composition of
the atmosphere (Crutzen and Andreae 1990, Andreae and Crutzen 1997, Brasseur et al.
1999), the structure of the ecosystems (Cochrane and Schulze 1999, Cochrane et al. 1999,
Nepstad et al. 1999, Moorcroft et al. 2001), and the cycling of carbon and nutrients
(Crutzen and Andreae 1990, Hughes et al. 2000, Feamside et al. 2001).
In the process of planning for the studies presented here, the following major
scientific questions were asked:
• What is known about fires in Amazonia?
• How do land cover, land use and climate influence fire occurrence in Amazonia?
• How do we interpret the patterns of fires over the region?
• How do land-cover changes affect fire occurrence?
• What are the consequences of fires in Amazonia for the Earth System?
To work towards answering these questions, four research components were
performed. The first research component, presented in Chapter I, is a review on studies
that provide information on fires in Amazonia. Chapter I builds on previous reviews by
emphasizing the synergy between ground, remote sensing and modeling methods, and by

2
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discussing the spatial and temporal scales and domains in which they provide
information. Ideally, there would exist fire information for large domains, at high
resolution, and based on multiple methods. This would allow for combining the easy of
interpretation o f the ground data, the broad coverage of the remote sensing data, and the
prognostic power of models. As pointed out in Chapter I, these combinations are highly
desirable, but not easy to achieve. Important challenges for the future include, for
example,

tradeoffs

between

datasets

resolution

and

domain,

and

needs

for

multidisciplinary expertise and financial support. We concluded that the perspectives for
the future are promising as methodologies and technology for fire research are advancing
and the number o f interdisciplinary academic programs is rising, but the progress will
also depend on sustained or increased number of funding opportunities.
The second research component, in Chapter II, presents a new model for fire
activity in the Brazilian Amazonia. The model is driven by major risk factors for fires in
the region (land-use, land-cover and climate conditions), and is able to reproduce the
contemporary large-scale fire activity across the region. The model is then used to project
future fire activity in response to potential land-use and climate change caused by planed
development for the region. We found that future fire activity is likely to increase
substantially in response to these changes, if the current relations between fires and land
management hold true for the future. While the expectation of increased fire activity in
the future is likely to be robust, actual increases in fire activity in the future is not a
foregone conclusion. The scenarios of future land-use and climate change themselves

3
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could potentially be avoided, and steps could potentially be taken to mitigate fire activity
under these scenarios.
The third research component, in Chapter III, presents a new method to enhance
the interpretation o f active satellite fire data. The method consists of the collection of a
relatively large passive ground-based dataset on both fire and non-fire occurrence, which
is then statistically related to data from corresponding satellite fire products. Using
ground data collected in two regions in Amazonia in 2001 and 2002, we found that the
total accuracy for widely used AVHRR- and MODIS-based fire products was very high
and dominated by accurate non-fire detection. Fire-detection accuracy was lower and
errors of commission were less than errors of omission for both products. Omission errors
were lower for AVHRR, and commission errors were lower for MODIS.
In Chapter IV, detailed relations between fire activity and changes in land use and
cover are presented. These relations are able to account for the impact of the multiple
probable states of the deforested/managed on fire activity, and were determined by
analyzing detailed satellite-based information on land-cover transitions together with data
on fire activity for a study region in Rondonia, Brazil. Using data acquired between June
1995 and June 1996, we found that fragmentation and losses of forest area correlate
positively with number o f fires, consistent with results from previous independent
studies. In addition, the removal of forest biomass and the age of forest conversion were
identified as dominant factors for fires in the region.

4
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CHAPTER I

FIRE RESEARCH IN AMAZON - BENEFITS FROM INTEGRATING
GROUND, REMOTE SENSING, AND MODELING STUDIES

1.1 Summary
Fire research is key for understanding the ecosystem functions of Amazonia and the
sustainability of land-use practices in the region. Fires are significant disturbances with
important links to land use. Major methods for studying fires include fieldwork, remote
sensing and modeling. The potential benefits from the synergy of these methods are
numerous. Occasional ground-based fire activity information can be supplemented by
frequent data from satellites. Remote-sensing fire products can be improved using
accuracy assessments based on ground observations. Models rely on calibrations and
validations using both ground- and satellite-based data, and are the only tools for
projecting future fire activity and effects. We reviewed several studies representing fire
research methods with emphasis in their synergy. We found that different methods
typically provide information at different spatial and temporal scales, and there is an
important tradeoff between datasets resolution and domain. Ground-based methods can

5
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provide information at high spatial and temporal resolution, but they do not usually
provide data for large domains. Remote sensing and modeling studies can provide
information for larger domains, but their data are usually at lower resolution, which
complicate their interpretation for studying fires. Studies based on the synergy of all
methods have a great potential to significantly advance fire research. One expected
important outcome from this type of studies is the possibility of building a class of
models that can be used for multi-scale applications, ranging from warning systems to
climate and earth system modeling. While combinations of multiple methods are
desirable, important challenges exist. They include technological, expertise and resource
needs. The perspectives for overcoming these challenges are promising because the
recent advancements in technology and increases in multidisciplinary expertise, but will
depend on sustained or increased budgets for supporting funding opportunities.

1.2 Introduction
The importance of fires as a strong disturbance in ecosystems in Amazonia has
motivated the implementation of several studies to assess their occurrence, behavior and
effects (e.g. Andreae et al. 1988, Feamside et al. 2001, Carvalho et al. 2001, Cochrane
2003, Cardoso et al. 2003). The results and conclusions from many studies have been
reviewed in previous publications. For example, in Nepstad et al. (1999) is one of the
most comprehensive reviews on occurrence, ecological impacts and economical effects
of fires in Amazonia, including an assessment of relations between fire type, burned area
and property size in five locations along the Arc of Deforestation in 1995. Conclusions

6
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from Nepstad et al. (1999) focus on alternatives to reduce the environmental and
economical problems caused by accidental fires escaping from managed lands. In
particular, those authors emphasize that the expansion of the agricultural frontier should
be reduced, the agricultural production should be intensified in areas already settled, and
the legislation should be updated to encourage the prevention of accidental fires.
In addition to the effects of fires on tree mortality and forest structure, Barlow and
Peres (2004) reviewed the impacts of forest fires on vertebrates. Reviews of the impacts
of fires on animals in Amazonia are not common. Barlow and Peres (2004) recapitulate
that at the short term, most of terrestrial animals with reduced mobility are wounded or
killed, and even arboreal species are affected by smoke; rapid-moving species also have
problems as they will potentially have to compete for resources outside their original
habitats. Barlow and Peres (2004) also conclude that remaining individuals can be easily
hunted and suffer from food shortage and the need for switching diet, and that long-term
effects on animals are equally significant and only few groups such as large browsers,
small cats and reptiles were reported to recover well from fires.
Cochrane (2003) reviewed the occurrence and impacts of fires as a consequence of
development and deforestation in tropical forests. His review applies for the whole
tropics, but concentrates in Amazonia where Cochrane is one the most experienced fire
researcher. Cochrane remarks that the use of fire as an efficient tool for land clearing and
fertilizing lead to important property and environmental damages, including negative
effects on ecosystem structure, human health and atmospheric composition. His major
conclusions focus on the need for additional and specific studies for tropical forests. For

7
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example, he emphasizes the need for new fire susceptibility and behavior models that can
properly account for fuel moisture dynamics in these regions, and the need for studies
that collect fire data at the local scale.
Reviews on fires at global scale can also be cited because Amazonia is recognized
as a region where fire occurrence and impacts have global implications for biodiversity
losses (WCMC 1992), changes of land cover (Crutzen and Andreae 1990) and increases
in greenhouse gases in the atmosphere (Andreae and Merlet 2001). Reviews on fires in
Amazonia share at least three points of view. First, fire occurrence has significant effects.
Second, the contemporary patterns of fires greatly differ from the expected low burning
activity inferred from long-term records of fire activity across the basin. Third, the
increased fire activity is the result of human activities.
This review builds on previous reviews by taking a different perspective. We
reviewed methods for fire research in Amazonia with emphasis in their synergy. We
provide a synthesis that accounts for a significant number of cases representing typical
applications of the fire research methods. In the case of fire research, they can be
classified into the broad categories of ground-, remote sensing- and modeling-based
methods. Ground-based methods use direct measurements to assess fires occurrence,
behavior and effects. Remote sensing-based methods use airborne observations and
sensors. Modeling studies search for universal mathematical relations that can
numerically reproduce fires dynamics and effects.
The central thesis in this paper is that significant progress in fire research can be
achieved from studies where multiple methods interact (Fig. 1.1). For example,

8
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occasional ground-based fire activity information can be supplemented by frequent data
from satellites. Remote-sensing fire products can be improved by accuracy assessments
based on ground observations. Modeling studies rely on calibrations and validations
using both ground- and satellite-based data. Models can be used to estimate fire activity,
behavior and consequences in cases where ground or satellite observations could not be
made, and are the only tools for projecting future activity

i— Fire p r o d u c t s v a lid ation

Remote
sensing

S u p p le m e n t
g r o u n d d a ta

Multiple
in te r a c tio n s

Ground

Modeling

M o d els calibration
and v a lid ation

M o d els ca libration
an d va lid a tio n

Applications

Figure 1.1 - Benefits from interactions between methods for fire research. Occasional
ground-based fire activity information can be supplemented from frequent data from
satellites. Remote-sensing fire products benefit from accuracy assessments based on
ground observations. Modeling studies rely on calibrations and validations from both
ground- and satellite-based studies. The synthesis power built into models allows for
diagnostic and prognostic studies. Models can be used to estimate fire activity, behavior
and consequences in cases where ground or satellite observations could not be made, and
are key for projecting fire activity in response to future scenarios of land cover, land use
and climate.
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Ideally, there would exist fire information from multiple methods at small spatial
and temporal scales and for large domains. From the studies reviewed, however, we
found that different methods typically provide information at different spatial and
temporal scales. In addition, an important tradeoff between resolution and domain can be
identified both spatially and temporally. While ground-based methods can provide
information at high spatial and temporal resolution, they usually do not provide data for
large domains. On the other hand, remote sensing and modeling studies can provide
information for larger domains but these data are usually at lower resolution, which
complicate their interpretation for studying fires.
Studies based on multiple methods, and providing information at smaller scales and
for larger domains would have a great potential for improving fire research. For example,
studies collecting and analyzing coincident ground- and satellite-based fire data could
improve the interpretation o f current products and help designing future satellite fire
sensors. Information from interpretation studies of satellite data would favor building and
calibrating models. One o f the most important outcomes from the interactions of multiple
methods is the possibility o f building and validating a class of models that would allow
for applications at a wide range of scales and domains, such as from local-scale warning
systems to ecosystem and climate/earth system modeling.
While these combinations are highly desirable, there are important challenges for
the future. We identified three main challenges. They include an important tradeoff
between datasets resolution and domain, the need for multidisciplinary expertise and the
need for resources. The perspectives for overcoming these challenges are promising

10
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because methodologies and technology for fire research are advancing, and the number of
interdisciplinary academic programs is rising. However, progress will depend strongly on
sustained or increased budgets for supporting founding opportunities.

1.3 Fire Research Methods
Below, we review several studies representing different methods for providing
information on fires in Amazonia (Table 1.1). The purpose of these studies as well as the
results they provide can be broadly organized into three main categories of fires
occurrence, behavior and effects. Information on fire occurrence or activity is based on
fires position and time. These are the most basic fire information, informing when and
where fires occur. Information on fire behavior are reported as the physical properties of
fires such as flame length, depth, rate of spread and heat flux. Most of the data on fire
effects are provided as land and atmospheric changes caused by fires. Data on fire effects
typically include biomass consumed, area burned, changes in land-surface albedo,
vegetation mortality, and changes in carbon and nutrient pools. The impacts on
atmospheric composition are usually measured as fluxes of gases and aerosols emitted by
fires.

1.3.1 Ground-based Methods
Ground-based studies are based on local fire observations. For example, patterns of
yearly fire occurrence were studied in detail by Nepstad et al. (1999) based on interviews
to landholders at 202 properties in 5 different regions along the Arc of Deforestation in

11
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Amazonia. In that survey, landholders reported that 77600 hectares burned inside their
rural properties in 1994. From the total area estimated, 13% burned as deforestation fires,
20% as forest surface fires, and 67% as fires on land already deforested (Nepstad et al.
1999). The burned fraction o f the properties decreased with property size: small (<100
ha), medium (101-1000 ha), large (1001-5000 ha), and very large (>5000 ha) properties
had -23%, -19% , -16%, and -5% of their areas burned, respectively. On the other hand,
the extent of the area burned increased with property size: in average <50 ha, 100 ha, 300
ha, and 1800 ha, burned in each small, medium, large, and very large property,
respectively.
Estimates o f fire occurrence at longer time scales were made using sediment
analyses, such as in Turcq et al. (1998) and Sanford et al. (1985). Turcq et al. estimated
fire occurrence from lake sediments in Eastern Amazonia, and showed that natural fires
have influenced forests for the last 7000 yrs, potentially affecting current patterns of
forest structure. Sanford et al. analyzed charcoal in the soils of north central Amazonia,
and showed that fires have been disturbed lowland forests in the region for the past 6000
years.
Ground-based studies are essential to provide detailed information on fire effects.
For example, Kauffman et al. (1998) estimated that fires in pastures consumed in average
21-84% of the total aboveground biomass, reduced 19%-81% of the aboveground pool of
carbon and emitted 11-21103 kg C/ha. Hughes et al. (2000) studied fires in regenerating
forests, where fires consumed in average 52-58% of the aboveground biomass, reduced
56% o f the aboveground carbon pool and emitted 20-47 103 kg C/ha to the atmosphere.

12
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Feamside et al. (2001) estimated that the burning efficiency in primary forests located
close to Manaus was equal to 28.3%. In the same region, Carvalho et al. (2001) estimated
that overall biomass gasification efficiency during fires is equal to 25.1% and leads to the
emission o f 51 103 kg C/ha. Measurements by Dias et al. (1996) showed that in average
fires caused surface albedo in savannas to reduce from 0.15 to 0.05. Miranda et al. (1996)
showed that fires in woody savannas consumed 94% of the vegetation and reduced the
surface albedo from 0.11 to 0.03.
Some ground-based studies combine information on fires occurrence and effects.
For example, Guild et al. (1998) studied land-use fires in Rondonia showing that fires are
commonly involved in land use as an effective and inexpensive tool for converting forest
areas into croplands and pastures, and to keep the forest vegetation from re-growing.
Based on that study, pasture fires consumed 31% of the aboveground biomass and lead to
mean nutrient losses o f 14 103 kg C/ha, 199 kg N/ha and 16 kg S/ha. In slashed primary
forests, the mean combustion factors was 48% and total nutrient losses were 79-102 103
kg C/ha, 1019-1196 kg N/ha and 87-96 kg S/ha (Guild et al. 1998).
Cochrane and Schulze (1999) studied relations between fires and dry conditions,
and the effects o f fires on the structure and species composition in forests in eastern
Amazonia. In that study, they show that fires can kill saplings and seedlings reducing or
even preventing trees to reach the reproductive age in the forest. In those forests, fires
were generally associated with severe dry conditions, and fire susceptibility increased
with previous burning activity. Uhl and Kauffman (1990) also studied fires in eastern
Amazonia, showing that typically trees in tropical forests are not adapted to fires.
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According to that study, primary forests take longer to become flammable during rainless
periods than logged forests and pastures. Whereas primary forests were flammable after
~one rainless month, logged forests and cattle pastures become flammable after -one
week and -day o f dry conditions, respectively.
One of the few studies providing combined information on fire occurrence,
behavior and effects in Amazonia was performed by Cochrane et al. (1999) in Para. In
that study, the authors show that accidental fires escaping from pastures and other
managed areas are major threats to forests in the region. They also provide detailed
information on fire behavior and characteristics, including information on flame height,
depth, rate of spread, residence time, intensity and heigth of crown schorch. A major
conclusion from Cochrane et al. (1999) is that recurrent forest fires significantly increase
fire susceptibilty, fuel load and fire severity potentially leading to positive feedbacks in
fire activity.
Ground-based studies are also critical to collect data for assessing the accuracy of
satellite-based fire data. For example, as part of the Smoke Clouds and Radiation-Brazil
(SCAR-B) experiment, Prins et al. (1998) performed three prescribed bums in Rondonia,
Brazil, to assess the GOES-8 ABBA fire product. In those experiments, one fire could not
be detected due to cloud cover and the remaining two fires were detected and had their
size and temperature estimated. The ABBA product, however, overestimated fire size.
Controlled bums set for emission studies during the field experiments BASE-A
(Kaufman et al. 1992) and BASE-B (Ward et al. 1992) were also used to assess
NOAA/AVHRR fire data. One lire, set on September 1989 in Mato Grosso was detected
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from satellites NOAA-IO and NOAA-11. The other controlled fire, set on September of
1990 in Para, was detected from NOAA-9 and NOAA-11 (Setzer et al. 1994).
A new class of ground-based analyses for assessing satellite fire data is presented in
Cardoso et al. (2004). That method consists of the collection of passive ground-based
information on both fire and non-fire occurrence, which are statistically related to data
from corresponding satellite fire products. Using ground data collected in two regions in
Amazonia in 2001 and 2002, Cardoso et al. found that the total accuracy for widely used
AVHRR- and MODIS-based fire products was very high and dominated by accurate non
fire detection, and that fire-detection accuracy was lower and errors of commission were
less than errors of omission for datasets.

1.3.2 Remote sensing-based Methods
Due to broad spatial and temporal coverage, satellite-based fire products have the
potential to provide major datasets on fire activity and area burned for large regions and
long periods. We reviewed several examples of satellite-based systems in use to monitor
fires in Amazonia. They include active-fire products represented by the CPTEC-INPE
fire monitoring system (CPTEC 2004a, Setzer and Malingreau 1996), the Automated
Biomass Burning Algorithm (ABBA) (UW-CIMMS 2004, Prins et al. 1998), the MODIS
fire products (Justice et al. 2002), and fire detection using TRMM (Giglio et al 2003). In
these products, fire activity data are reported as fire pixels, which are satellite picture
elements where active burning is detected. Area burned is provided as part of the global
area burned inventories for 2000 from GBA2000 (Gregoire et al. 2002) and GLOBSCAR
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(Kempeneers et al. 2002). In this study, we classified the observations made onboard
airplanes and helicopters as “remote sensing-based”. These types of observations are
represented here by the work of Kaufman et al. (1992), Ferek et al. (1998), Andreae et al.
(1988), and Selhorst and Brown (2003).
The CPTEC-INPE fire product is based on data from the AVHRR sensor onboard
NOAA polar orbiting satellites (CPTEC 2004a). In this technique, fire pixels are
identified from intensity thresholds in the data collected by the sensor's thermal radiation
channel at 4pm wavelength (Setzer and Malingreau, 1996). After detection, some fire
pixels are filtered out if there are indications of solar glint on water, soils and clouds. This
product detects fire fronts larger than 50 m, at spatial resolution ~lkm at nadir. Most of
the available data are based on detections from nighttime NOAA 12 overpasses at 21-23
GMT, and from afternoon NOAA14 overpasses at 16-18 GMT. Data are provided as fire
pixels position and time.
The ABBA fire product is based on data from the Geostationary Operational
Environmental Satellite 8 (GOES8) (UW-CIMMS 2004). Fires are detected based on
information from two thermal channels at 4pm and 11pm wavelength (Prins et al. 1998).
Fire pixels are selected if the differences in temperature between the two channels are
higher than typical values, and if they are abnormally hotter then surrounding fire-free
areas. To avoid false positives, fire pixels are filtered out based on indications that they
were confounded with recent burned areas that may be hotter than the background firefree surface. Because the thermal energy emitted from fires is a function of both area and
temperature, data from two channels allow for an additional estimation of fire size
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(Matson and Dozier 1981). ABBA provides fire pixels position, time, temperature and
burning area at ~4 km spatial resolution at nadir. This product has the potential to provide
fire information every half hour. Public data are available for fire seasons in 1995 and
1997, detected at 11:45, 14:45,17:45 and 20:45 GMT.
As part o f the NASA’s Earth Observing System, active fires are detected using data
from the Moderate Resolution Imaging Spectroradiometer (MODIS), on board TERRA
and AQUA platforms (Justice et al. 2002). Fire activity is detected when a pixel has
temperature above a certain threshold, and it is significant hotter than the surrounding
areas. These temperatures are evaluated using absolute values and differences between
thermal data from channels at 4pm and 11 pm. The detection criteria change according to
the detection time. During the day, the thresholds in absolute and relative temperatures
are higher than at night. Pixels classified as water or clouds by other MODIS products are
not tested for fire activity. To avoid false positives, fire pixels are filtered out based on
specular reflection and daytime thermal reflectance. Data include fire pixels position,
time, temperature, burning area, and cloud and water pixels. TERRA overpasses the
region at 2:00 and 14:00 GMT, and AQUA at 8:00 and 20:00 GMT. Spatial resolution is
lkm at nadir.
In the method by Giglio et al. (2003), active fires can be detected using the TRMM
thermal channels at 4 and 11pm, and other channels at 0.63, 1.61 and 12pm. This product
evaluates the presence of burning activity in non-water cloud-free pixels. Water surfaces
are based on an external dataset, and clouds are identified from reflectance at 0.63, 1.61,
and temperature at 12pm. Potential fire pixels are then selected if their reflectance is low,
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and their temperatures are above a certain threshold, and significantly higher than
neighboring fire-free pixels. False positives can be filtered out based on solar reflection
conditions. TRMM can provide fire activity data at ~2.2 km spatial resolution within
±38-deg latitude globally. Detection times vary as TRMM local overpass time cycles
over 24 hours in nearly a month. Equatorial regions have two observations within -12
hours every two days. Temperate regions have two or three observations every day. The
product described in Giglio et al (2003) provides the following data aggregated monthly
at 0.5-deg: number o f fire pixels, mean cloud-cover fraction, mean detection confidence
and land-cover characteristics.
In addition to data on fire activity, we reviewed studies were satellites provide
estimates o f burned area. These products are based on the detection of changes on the
land surface from comparisons between repeated images. The GBA2000 (Gregoire et al.
2002) and GLOBSCAR (Kempeneers et al. 2002) are global area burned inventories for
the year 2000. GBA2000 is based on images from the VEGETATION instrument
onboard the SPOT-4 satellite (Gregoire et al. 2002). GLOBSCAR is based on data from
the Along Track Scanning Radiometer (ATSR) onboard the European Remote Sensing
satellite (ERS) (Kempeneers et al. 2002).
Several fire studies were based on observations made onboard airplanes and
helicopters. For example, the composition of haze layers originated from fires was
investigated by Andreae et al. (1988) using airplane-based air samplings performed over
central Amazonia in July and August in 1985. Based on that study, Andreae et al.
estimated that 45 Tg of C (emitted as CO) are emitted per year in the South American
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Tropics due to biomass burning. Emissions from fires were also evaluated from an
airplane by Ferek et al. (1998) by measuring the composition of plumes from 19 fires in
pastures, savannas and forests during the SCAR-B experiment in 1995. In that study,
Ferek et al. found that emission factors in Amazonia were similar to those measured
previously in Africa, but particle emissions were 20-40% lower than in boreal forests.
As part o f the Fire Monitoring Program at the Brazilian Environmental Protection
Agency, several fire observations were made from helicopters over the state of Acre in
2001, and used to evaluate the accuracy of commonly used satellite fire products for
Amazonia (Selhorst and Brown 2003). Estimates from those observations suggest that
35% o f 2001 fires in Acre were detected with NOAA-12, and 63% were detected with
GOES-8 (Selhorst and Brown 2003).

1.3.3 Modeling-based Methods
Modeling studies search for mathematical equations that can be used to numerically
reproduce fire dynamics and effects. These equations are produced based on
synchronized datasets o f fire dynamics and effects, and their explanatory factors. In
Amazonia, combined climate and land-use conditions are believed to be dominant factors
for fires in that region. Fire models are very important as synthesis and projecting tools.
Model equations quantitatively reflect the knowledge obtained from ground- and
satellite-based observations, and allow for evaluating fires where data are rare or non
existent, and projecting fires in response to future scenarios of land cover, land use and
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climate. Major applications for Amazonia include warning systems for projecting fire
risk, and sub-models o f fire occurrence and behavior coupled to ecosystem models.
Short-term fire risk is provided by the Brazilian Center for Weather Forecasts and
Climate Studies (CPTEC 2004b). This system is in use for preventing and controlling
large fires based on short- and medium-range past total precipitation, maximum
temperature, minimum relative humidity, and recent fire activity detected using NOAA
polar orbiting satellites. Medium-term fire susceptibility was evaluated using the
RisQue98 model, produced jointly by the Woods Hole Research Center (WHRC) and the
Brazilian Institute for Environmental Research in Amazonia (IPAM) (Nepstad et al.
1999). This model was used to map fire vulnerability for the dry season (July to
November) in 1998, based on soil moisture, rainfall, evapotranspiration, timber
extraction, forest cover, and fire activity during 1997 detected with the AVHRR sensor.
A small number o f fire models were coupled to ecosystem modeling for Amazonia.
Here we reviewed the Ecosystem Demography (ED) model (Moorcroft et al. 2001), and
the NASA Carnegie-Ames-Stanford Approach (NASA-CASA) model (Potter et al. 2001,
van der Werf et al. 2003). In the Ecosystem Demography (ED) model (Moorcroft et al.
2001) fire occurrence is a function of fuel and climate, and consumes aboveground
vegetation and changes soil carbon and nitrogen pools. Fire risk is proportional to local
ignition conditions and fuel availability. Fuel is equal to the total above-ground biomass,
and ignition is proportional to the length of dry periods. In ED, fires are originated locally
but can spread across the grid-cell. The fraction of each gap that is burned is proportional
to the total fuel ignited within the grid-cell. The fuel ignited, or the above-ground
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biomass is totally consumed. There is not direct effect below the ground, but the nitrogen
and part o f carbon released is transferred to the soil.
The NASA Camegie-Ames-Stanford Approach (NASA-CASA) model was
recently extended to account for fires in tropical ecosystems. In the fire sub-model for
NASA-CASA, fire occurrence and behavior are based on remote sensing data, and
causing biomass loss and mortality (van der Werf et al. 2003). Fire occurrence is
provided by active-fire detections using the Tropical Rainfall Measuring Mission
(TRMM), and is converted into area burned using relations derived from MODIS burned
area estimates from locations in Australia, Africa and USA (van der Werf et al. 2003).
The fraction of burned area in a grid cell is used to calculate the aboveground live
biomass and litter losses and mortality. The values of combustion factors for woody
leaves and stems are 90% and 20%, respectively. Combustion factors for herbaceous
leaves, coarse litter and fine litter are 90%, 40% and 95%, respectively. Herbaceous
leaves and litter have 100% mortality rate. For woody leaves and stems, the mortality
factor is proportional to tree coverage and is higher for grid cells with high tree coverage,
and low otherwise. The assumption used is that fires in open grasslands generally do not
generate enough heat to kill individual trees.
Other fire models were also built for evaluating risk of fires. For example, a model
for the probability of understory forest fires was developed by Alencar et al. (2004) for a
study region near Paragominas in eastern Amazonia. That model operates at local spatial
scale and at yearly time steps. It considers climate by analyzing ENSO and non-ENSO
years, but concentrates on land-use and land-cover risk factors such as forest cover
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topology, logging, presence o f roads and charcoal production. In the region studied by
Alencar et al., the probability of understory fire was strongly associated to ENSO
conditions and forest edges.
Daniel et al. (2004) developed a basin-wide model for forest flammability. That
model is driven primarily on plant-available soil water, which can be reduced by
evapotranspiration and increased by precipitation. The model runs at 8 km spatial
resolution and at monthly time steps. Applying that model to the period 1996-2001
Nepstad et al. found that nearly one third of forests in Amazonia were flammable during
the dry ENSO conditions in 2001.
Cardoso et al. (2003) developed a model for fire activity in the Brazilian Amazonia,
by relating satellite fire data to major large-scale factors for fires in the region. The model
runs at 2.5-deg and yearly time steps, and considers land-use, land-cover and climate
conditions. The model is able to reproduce the contemporary large-scale fire activity
across the region, and was used to project future fire activity in response to potential
future land-use and climate conditions, caused by planed development for the region.
According to that study, future fire activity is likely to increase substantially in response
to these changes, if the current relations between fires and land management hold true for
the future.
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Table 1 . 1 - Reviewed fire studies.

Method
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
M
M
M
M
M
M
M
M

Study
Nepstad et al. 1999
Cochrane et al. 1999
Prins et al. 1998a
Cardoso et al. in review
Kaufman et al. 1992
Ward et al. 1992
Cochrane and Schulze 1999
Uhl and Kauffman 1990
Kauffman et al. 1998
Hughes et al. 2000
Carvalho et al. 2001
Feamside et al. 2001
Guild et al. 1998
Miranda etal. 1996
Dias et al. 1996
Turcq et al. 1998
Sanford et al. 1985
UW-CIMMS 2004
CPTEC 2004a
Justice et al. 2002
Giglio et al. 2003
Gregoire et al. 2003
Kampeneers et al. 2002
Kaufman et al. 1992
Ferek et al. 1998
Andreae et al. 1988
Selhorst and Brown 2003
Alencar et al. 2004
Nepstad RisQue
Nepstad RisQue98
CPTEC 2004b
Cardoso et al. 2003
Moorcroft et al 2001
Van de Werf et al. 2003
Potter et al. 2001

Spatial
Temporal
Spatial Temporal
resolution resolution
domain
domain
(km2)
(day)
(km2)
(day)
1
365
9160
365
0.005
0.25
0.05
365
0.0004
0.04
0.154
3
0.0001 0.004166667
50100
2.375
0.1 0.020833333
2.4
3
0.1 0.020833333
3
3
0.005
30
100
30
0.0002
1
3.5
191
0.000075 0.083333333 0.0072
3
0.000075 0.083333333
0.35
6
0.01 0.010416667
0.17
60
0.00006
1
0.17
60
0.000075
1
0.118
3
0.000075
1
0.08
4
0.000001 0.020833333
3
90
4
120450
4
2555000
0.0001
66065
1.5
2190000
16 0.020833333 3500000
3285
1
1 3500000
7300
1
0.5 3500000
1095
4.84
2 3500000
5.5
4
365 3500000
365
1
365 3500000
365
10000 0.083333333 1000000
7
1 0.003472222
19 0.329861111
2500 0.020833333 3500000
20
0.005
1
400
365
0.0009
365
3472
3650
64
30 3500000
2190
64
150 3500000
365
625
2 3500000
2555
62500
150 3500000
9125
0.000225
1 3500000
91250
10000
30 3500000
1460
64
1 3500000
1095
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1.4 Discussion
Fire research is an essential component of environmental studies in Amazonia.
Fires have remarkable influences on land and atmosphere and are strongly linked to the
changing patterns of land use in the region. Different methods are used to provide
information on fires occurrence, behavior and effects. They can be generally classified as
ground-, remote sensing- and modeling-based methods. The synergy between methods is
very important. For example, the frequent large-scale coverage provided by satellites
allows for supplementing occasional small-scale data from ground-based studies. Localscale ground-based data allow for building and calibrating fire models. Models are very
important as unique tools for projecting future fire activity and effects.
There is a high interest on fire studies based on multiple methods, and providing
information at small temporal and spatial scales and for large domains. Studies with these
characteristics are desirable because they allow for robust conclusions based on results
from multiple methods, and allow for expanding our knowledge on fires from interacting
methods. In addition, the spatial and temporal scales in which they provide information
are particularly important. Studies performed at small scales and presented in fire-impact
units are easier to interpret. For example, ground-based data in units of area burned are
easier to interpret than satellite-based fire pixels. On the other hand, it is difficult to
measure fire properties at fine scales for large domains. This is a major reason why largescale fire occurrence datasets from remote sensing expanded faster than small-scale
ground based datasets on effects and fire behavior.
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Below, we discuss characteristics of methods for fire research concentrating in their
spatial and temporal scales. From the studies reviewed above, we related spatial
resolution and domain (Figure 1.2) and temporal resolution and domain (Figure 1.3).
Some important patterns between resolution and domain patterns are noticeable in both
Figures 1.2 and 1.3. First, there is an empty upper left region. This region is “trivially”
empty because there are no values of study domains that are smaller than their
corresponding resolutions. Second, studies represented at the lower right (higher
resolution and large domain) region are less common then studies with points organized
transversely. One reason for this pattern is the difficulty to perform studies at fine
resolution over large spatial and temporal domains. For example, it is difficult to perform
ground-based burned area estimates in a large region before the vegetation recovers.
Third, points from studies performed using similar methods are generally organized in
similar spatial and temporal scales.
Spatially, the high-resolution region in Figure 1.2 is mostly populated by points
from ground-based studies. At relatively lower resolutions, most points represent remote
sensing- and modeling-based studies. Ground-based studies are less common at larger
domains. Remote sensing and modeling methods had similar organization occupying
mostly higher-domain and lower-resolution regions. Both methods were rare at
resolutions smaller than one square kilometer.
Temporally, the higher-resolution region of Figure 1.3 is mostly occupied by
ground-based and remote sensing-based studies. It is interesting that a ground-based
study is represented at the lowest-resolution, largest-domain region. The reason is
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because that study represents the sediment records of fire activity, which can give
information on fire occurrence at larger time domains, but low time resolution. Modeling
studies were less common at higher resolutions. This pattern makes sense because model
calibrations may rely on data aggregation, in order to reduce alignments errors between
datasets used for calibration.
The spatial and temporal scales of the studies are also important for interpreting
their results. For example, current large-scale satellite fire detections cannot be used to
measure fire spread. The daily or two-daily fire detections made by polar orbiting
satellites do not present a diurnal cycle reported in ground-based studies and
geostationary satellites data. Fire pixels are the most common type of data on fire
occurrence, but they cannot be converted directly to area burned or biomass consumed.
At the same time, it is difficult to extrapolate detailed but irregular ground-based fire
occurrence information to large spatial and temporal domains. Modeling-based studies
are able to provide information at a wide range of scales and domains, but our confidence
in their results depend on ground- or remote sensing-based data that can be used for
validation.
One way to improve the interpretation of fire study results is by using interactions
between methods. For example, associated ground- and remote sensing-based data can be
used to improve the interpretation of remote sensing products. From these interpretation
studies, fire occurrence datasets based on remote sensing could be adjusted to account for
complicating factors for fire detection from space. The confidence on results from
modeling studies benefit from calibrations and validations based on observational data
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from ground- and remote-based studies. Better models in turn can help plan ground
experiments and remote sensing instruments where and when they are needed the most.
Interactions between similar methods can also be important. For example, hourly
detections from geostationary satellite GOES show a daily cycle of fire activity that is
consistent with information from ground-based studies, where most fires happen in the
afternoon and fewer fires happen in the morning or at night. Fire detections from ASTER
are made at spatial resolution significantly higher than the detections from GOES, but
ASTER daily or two-daily overpasses produce data at significantly smaller temporal
resolution. Together, ASTER and GOES 8 datasets indicate that improved remote sensing
fire detections could be achieved by sensors that have all these characteristics combined.
The potential for improvements in fire research can be also visualized by the
relations represented in Figures 1.2 and 1.3. For example, as discussed above fire data
from all methods at small resolutions and for large domains are of great interest. In
hypothetical graphs similar to the ones in Figures 1.2 and 1.3, this situation would
correspond to the points from all methods being at small temporal and spatial resolutions
and at large domains. In other words, points in Figures 1.2 and 1.3 would be concentrated
in the lower right portion of the graphs. However, those figures do not show this pattern.
Figures 1.2 and 1.3 show that different methods provide information at typical
resolutions and domains. In addition, the desirable high-resolution and large-domain
region is not densely populated. Intermediate situations between the hypothetical ideal
situation above and the actual patterns in those figures would be of interest. First, the
different methods would populate similar regions in these graphs. This means that it
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would be possible to compare results from multiple methods. Second, these regions
would be closer to the higher resolutions and larger domains.
There are important challenges for having multiple methods interacting. First, as
indicated by Figures 1.2 and 1.3, there are important tradeoffs between resolution and
domain. The patterns in Figure 1.2 show that is difficult to extend high-resolution
measurements for large spatial regions. Similarly, the patterns in Figure 1.3 suggest that
is difficult to measure high-frequency data over long periods of time. These tradeoffs can
be interpreted as “efforts” for performing fire studies. For example, it is laborious to
collect fire occurrence data in a large region using a ground-based method. It is also
challenging to produce geostationary sensors that can collect data at high spatial
resolutions. Geostationary satellites are able to detected fires at higher frequencies than
polar-orbiting satellites. However, geostationary satellites must occupy orbits that are
further from the Earth surface where is more difficult to produce high spatial resolution
imagery.
A second challenge is the need for multidisciplinary expertise. Studies based on
combined methods would need personnel with multidisciplinary background. For
example, field researchers may not be familiar with remote sensing or modeling.
Similarly, modeling specialists may not be experienced with the implementation of
ground-based field campaigns. The need for multidisciplinary collaboration was
emphasized before as a way to advance in geosciences (IPCC 2001). The possibilities for
improvement are promising given the increasing number of interdisciplinary research and

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

academic programs, such as the International Geosphere-Biosphere Program (IGBP), and
the Large Scale Biosphere-Atmosphere Experiment in Amazonia (LBA).
In all cases, financial support can be an important obstacle for performing fire
studies using multiple synchronized methods. There is need for additional individuals for
planning, performing measurements and analyzing data. Multiple methods may also
require different types of equipment. For example, remote-sensing missions are very
expensive. In the sample of studies we reviewed, the majority of studies that applied
multiple methods were part of larger campaigns such as ABLE-2A (Andreae et al. 1988),
BASE-A (Kaufman et al. 1992), BASE-B (Ward et al. 1992) and SCAR-B (Prins et al.
1998), which required large budgets.
Concluding, the planning for studies that combine multiple methods should be a
priority for future fire research in Amazonia. Despite the challenges, these interactions
will potentially lead to results and conclusions with great confidence. Perhaps one of the
most important outcomes from this type of results would be the possibility of building a
class of fire models suitable for applications ranging from local warning systems to
coupling with earth system models.
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Figure 1.2 - Relation between spatial resolution and domain for ground-based (G),
remote sensing (RS) and modeling (M) methods.
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CHAPTER II

PROJECTING FUTURE FIRE ACTIVITY IN AMAZONIA

2.1 Summary
Fires are major disturbances for ecosystems in Amazonia. They affect vegetation
succession, alter nutrients and carbon cycling, and modify the composition of the
atmosphere. Fires in this region are strongly related to land-use, land-cover and climate
conditions. Because these factors are all expected to change in the future, it is reasonable
to expect that fire activity will also change. Models are needed to quantitatively estimate
the magnitude of these potential changes. Here we present a new fire model developed by
relating satellite information on fires to corresponding statistics on climate, land-use and
land-cover. The model is first shown to reproduce the main contemporary large-scale
features of fire patterns in Amazonia. To estimate potential changes in fire activity in the
future, we then applied the model to two alternative scenarios of development of the
region. We find that in both scenarios, substantial changes in the frequency and spatial
patterns of fires are expected unless steps are taken to mitigate fire activity.
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2.2 Introduction
The Brazilian Amazonia (in Figure 2.1) contains approximately four million square
kilometers o f tropical forest, a region large enough to contain Western Europe (INPE
2000). This forest comprises a large fraction of the world’s biodiversity (Lovejoy 1991,
WCMC 1992, Ward 2000), stores approximately 60 Pg of carbon (Feamside 1986), and
is also important in influencing regional and perhaps global climate conditions (Lovejoy
1991, IPCC 2001). In addition, the region is actively being developed (Brazilian Federal
Government 2002, Nepstad et al. 2002), and has one of the highest rates of deforestation
in the world (Laurance et al. 2001). Because of the importance of the region and the
ongoing development pressure, a Brazilian-lead international study (The Large Scale
Biosphere Atmosphere Experiment in Amazonia, LBA) is under way to better understand
the functioning of the region, and the sustainability of land-use practices (The LBA
Science Planning Group 1996, Keller et al. 2001).
One key to understanding the functioning of the region and the sustainability of
land-use practices is an understanding of fire. Fires are important disturbances in
Amazonia, related to both natural and anthropogenic processes. They have significant
implications for the composition of the atmosphere (Crutzen and Andreae 1990, Andreae
and Crutzen 1997, Brasseur et al. 1999), the structure of the ecosystems (Cochrane and
Schulze 1999, Cochrane et al. 1999, Nepstad et al. 1999, Moorcroft et al. 2001), and the
cycling o f carbon and nutrients (Crutzen and Andreae 1990, Hughes et al. 2000,
Feamside et al. 2001). For example, fires have been estimated to bum 40,000 (Prins et al.
1998) to 200,000 km2 y'1 (Setzer and Pereira 1991), and emit 0.3 (Feamside 1997) to 0.5
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Pg C y '1 (Setzer and Pereira 1991). Emissions from fires are important in studies of cloud
microphysics and rain (Kaufman and Fraser 1997, Ramanathan et al. 2001). Experiments
in primary forests, pastures and regenerating areas, show that fires are responsible for
large consumption of above ground biomass and abrupt losses of nutrients (Guild et al.
1998, Kauffman et al. 1998, Hughes et al. 2000).
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Figure 2.1 - The region of study, in gray, includes most of Brazilian Amazonia, and the
LBA study area.
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Generally speaking, fires in Amazonia can be related to land-use, land-cover and
climate conditions. Most fires occur during the dry season, when lower moisture
conditions facilitate the use of fires for land management (Setzer et al. 1992). Fire is a
useful and inexpensive tool for maintaining pastures, removing vegetation after fallow
periods, and clearing land following deforestation (Nepstad et al. 1999). In addition to
intentional use, accidental burnings are believed to significantly contribute to fire
occurrence (Nepstad et al. 1999, Mendoza et al. 2001).
Analyses o f remote sensing data have been used to quantify relationships between
fires, climate and land-use. For example, satellite-based patterns of fire activity have been
correlated to dry conditions (Setzer 1996), deforestation (Prins et al. 1998a), and the
presence o f roads (Prins et al. 1998a, Siegert et al. 2001). However, important
uncertainties still remain. In particular, the extent of the area burned and the fraction of
biomass consumed by fires are not well known (Houghton et al. 2000, Andreae and
Merlet 2001, Nepstad 2002).
The primary factors influencing fire activity are expected to change in the future.
For example, if the current rates of forest loss continue and ultimately lead to complete
deforestation, significantly drier and hotter conditions are expected to result (Lean and
Warrilow 1989, Shukla et al. 1990, Nobre et al. 1991, Lean et al. 1996). The network of
paved roads is expected to expand and provide access for land-use to previously
inaccessible portions of the region (Laurance et al. 2001, Brazilian Federal Government
2001 ).
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To begin to assess the magnitude and potential changes in future fire activity that
could result from changes in primary risk factors, we developed a new fire model based
on data for Amazonia. The model was built by relating satellite information on fires, to
corresponding data on climate, land-use and land-cover. The model is first shown to
reproduce large-scale features of the contemporary fire patterns across the region. To
estimate potential changes, we applied the fire model to two different scenarios of
development. In the first scenario, the paved roads network is expanded as planned in the
Avanpa Brasil project (Laurance et al. 2001, Brazilian Federal Government 2001), and
corresponding changes in forest cover and deforestation rates are evaluated. In the second
scenario, the extreme condition of complete deforestation is evaluated. In both scenarios,
we find that substantially increased and altered fire patterns are likely to result from
future land-use practices without new efforts to mitigate fire activity.

2.3 Model Development and Parameterization
Fieldwork is a key data source on Amazonian fires. For example, interviews with
landholders reported by Nepstad et al. (1999) related important information on property
size, area burned, fire type, and precipitation in different locations. Experimental
burnings have yielded important information on biomass consumption and nutrient losses
during fires (Guild et al. 1998, Carvalho et al. 1998, Hughes et al. 2000). Ground
observations have provided important information on causes, behavior and effect of fires
(Nepstad et al. 1999, Cochrane and Schulze 1999, Guild et al 1998). However, the
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Amazon region is large and ground-based studies need to be supplemented with more
comprehensive methods.
Remote sensing is an important additional method for determining fire patterns at
regional scales (Kaufman et al. 1990, Setzer et al. 1992, Prins et al. 1998). While remote
sensing data are known to be imperfect records of all fire activity in Amazonia, satellites
enable the collection o f information where ground-based data are rare or non-existent,
and can cover large areas for long periods of time (Dwyer et al. 2000, Giglio and Kendall
2001). Examples of satellite-based information on fires in Amazonia come from AVHRR
(Setzer and Malingreau 1996), GOES-8 (Prins et al. 1998), and most recently MODIS
fire pixel products (Kaufman et al. 1998). Fire pixels are satellite pixels in which active
burning activity is detected. Major differences between these products include spatial and
temporal resolution, and the detection algorithm.
A small number of fire models have been developed and applied in Amazonia. For
example, fire risk for all of Brazil is provided by the Brazilian Center for Weather
Forecasts and Climate Studies (CPTEC/INPE). This product is based on short- and
medium-range past meteorological information, and recent fire pixels detected using the
AVHRR sensor (CPTEC 2002). The fire-susceptibility system RisQue98 at the Woods
Hole Research Center was used to map vulnerability to fire in Amazonia during the dry
season of 1998. This system is based on information on soil properties, climate,
evapotranspiration, timber extraction, and fire activity detected with the AVHRR sensor
during 1997 (Nepstad et al. 1999). Both models rely on past information on fire activity
and are typically used in relatively short-term applications. Additional fire models have
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also been developed and coupled to ecosystem models, such as the MAPSS-CENTURY
Dynamic Vegetation Model (MCI) (Neilson 1995, Leninhan et al. 1998, Bachelet et al.
2001) and the Ecosystem Demography (ED) model (Moorcroft et al. 2001). In these latter
studies, fires occur naturally according to combined fuel and climate conditions.
To project long-term fire activity in Amazonia, we developed a new fire model for
the region using several sources of data. The model is designed to account for major
natural and anthropogenic risk factors, to reproduce the major contemporary patterns, and
to be useful for large-scale and long-term studies. To develop this model, we related
satellite-based fire data from the non-interpolated Automated Biomass Burning
Algorithm (ABBA) based on GOES-8 (Prins et al. 1998) to corresponding information on
potential explanatory variables. Out of the broad categories of climate, land-use, and
land-cover, specific factors were selected using three main criteria: (i) factors that have
been used in previous studies, (ii) new factors that are potentially reasonable as fire
predictors, and (iii) factors that statistically improved the agreement between model
results and fire data.
Previous studies have identified several important predictors for fire activity. The
length of dry periods was found to be a major factor in the warning system model at
CPTEC/INPE (CPTEC 2002a). Fire activity has been suggested to be correlated with the
presence o f roads (Laurance et al. 2001), pasture maintenance (Kauffman et al. 1998),
and logging (Nepstad et al. 1999a). For data on these factors, we used several sources.
Climate data were from the Brazilian Institute for Meteorology (INMET 2002). The
Brazilian Institute for Geography and Statistics provided information on roads (IBGE
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1997). Forest cover and deforestation estimates were based on digital maps for 1986 and
1992 from the Tropical Rainforest Information Center (TRFIC 2002). These data were
used because of their public availability and ease of interpretation.
To begin to investigate the potential importance of factors for explaining patterns in
satellite fire pixel data, we compared the distribution of values of potential explanatory
factors for all grid cells, to that of only the grid cells that had a substantial number of fire
pixels. Significantly different distributions indicate that the factor being analyzed
correlates with fire activity. For example, to evaluate the potential relevance of the total
precipitation during the fire season as a possible explanatory factor, we compared the
distribution o f total precipitation values for all grid cells, to the distribution of total
precipitation values for only the grid cells that had a substantial number of fire pixels.
Figure 2.2a illustrates that these distributions are substantially different. As expected,
wetter sites had fewer fire pixels than expected at random, and drier sites had more.
Using the same method, fire pixels can also be shown to correlate with several other
factors that are similar to those used in previous studies including: the distance from
paved roads, minimum precipitation, forest cover and deforestation (Figure 2.2b-e).
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Figure 2.2 - Distributions of values of potential explanatory factors for fires in
Amazonia. These distributions are summaries of spatially grided values at 0.5-degree
resolution for the fire season in 1995. Dashed lines are for all grid cells in the study
region. Solid lines are for only the grid cells that had a substantial number of fire pixels
(> 100). Distributions for total precipitation in (a), distance from paved roads (b),
minimum monthly precipitation (c), forest cover (d), and deforestation (e). Distance class
is related to distance and is defined in Appendix C.
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Using these factors, the number of fire pixels for a grid-cell at a particular time can
be estimated as:

Fires = f (total precipitation, minimum precipitation, distance from paved roads,
forest-cover, deforestation rate).

(2 .1)

In this model, the parameters are constant but the input factors are spatially and
temporally variable. Functional forms and parameters values of the fire equation were
determined to reflect the relationships between fire data and information on climate, landuse, and land-cover. Likelihood was used as an objective scale to compare the merits of
alternative hypotheses for functional forms and parameter values (Edwards 1992). Using
the statistical model described in Appendix 1 as a metric for “goodness-of-fit”, we
searched for parameters and functional forms that maximized the agreement between
model estimates and fire pixel data, while keeping the fire model as simple as possible.
The resulting model is represented by the following equation:

F(x,y,t) = fp(x,y,t) • fin(x,y,t) • fr(x,y,t) • ff(x,y,t)- fd(x,y,t),

(2 .2)

where F (x,y,t) is the estimated number of fire pixels, and fp(x,y,t), fm(x,y,t), fr(x,y,t),
ff(x,y,t) and fd(x,y,t) are the terms for total precipitation, minimum precipitation, distance
from paved roads, forest cover and deforestation, respectively. Spatial position is referred

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

to using the grid coordinates x and y, and time is referenced by t. The functional form for
each term is:

fp (x,y,t) = exp[-(p(x,y,t) - pl)2] / 2(p2)2
fr (x,y,t) = exp[-(r(x,y,t) - p3)2] / 2(p4)2
fm (x,y,t) = exp[-(m(x,y,t) - p5)2] / 2(p6)2
ff (x,y,t) = exp[-(f(x,y,t) - p7)2] / 2(p8)2
fd (x,y,t) = p9; if d(x,y,t) >= 0
fd (x,y,t) = plO; if d(x,y,t) < 0.

(2.3)

In these equations, p(x,y,t) is the total precipitation, r(x,y,t) is the distance from paved
roads, m(x,y,t) is the minimum monthly precipitation, f(x,y,t) is the forest cover, d(x,y,t)
is the deforestation rate, and p i to p i 0 are parameters.
The functional forms of the terms in Equations (2.3) are simple, flexible, and
yielded the best results. Each term hasonly twoparameters resulting
ranging from bell-shaped to step.

inrelationships

Though non-mechanistic, thesefunctional

forms

describe the data relatively well and make intuitive sense. For example, a bell-shaped
function best describes the relationship observed between the number of fire pixels and
total precipitation. For grid cells with the lowest levels of total precipitation, relatively
few fire pixels are typically observed in Amazonia. At intermediate levels of total
precipitation, a relatively large number of fire pixels are commonly observed. At the
highest levels of precipitation, again few fire pixels are observed. This pattern makes
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intuitive sense if one assumes that driest sites are fuel limited, and that fires in wetter
sites are suppressed by moisture. Several of the other factors in the model have a similar
peaked pattern, which the functional form chosen in Equations (2.3) can reproduce. The
relationship between the number of fire pixels and deforestation is modeled using a
simpler step function to capture the elevated fire risk associated with forest clearing.
We implemented this model on a 2.5- by 2.5-degree grid to estimate the total
number o f fire pixels in each grid cell during the fire season (June to October) in 1995
and 1997. These years were chosen based on the public availability, and represent both
La Nina (relatively high precipitation) and El Nino (relatively low precipitation)
conditions, respectively. Higher spatial resolutions were attempted, but this resolution
gave better model results and is equivalent to the resolution of many atmospheric studies
that can use this information (e.g. GCM models). At this relatively low spatial resolution,
the effects of small temporal inconsistencies between input datasets, where they exist,
were assumed to be small.
The results for the implementation of this model are displayed in Figure 2.3 and
Figure 2.4 for 1995 and 1997, respectively. Corresponding parameter values are listed in
Table 2.1. Recognizable features such as the relatively high fire activity along the Arc of
Deforestation (a band of deforestation that extends across south and eastern portions of
Amazonia (INPE 2000)), and the low fire activity in wet areas of the rain forest can be
observed in both years (Figs 2.3a and 2.4a). The total number of fire pixels estimated are
close to the number observed in both years, and are approximately 200,000 (Figs 2.3c
and 4c). Most sites have close agreement between observations and estimates (Figs 2.3b
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and 2.4b, and 2.3d and 2.4d); in comparatively fewer cases, the model either
overestimates or underestimates the observations. There are no consistent biases in the
distributions of differences (modeled - observed).
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Figure 2.3 - Number of fire pixels during the fire season in 1995. Maps of the total
number o f fire pixels detected by the GOES-8 satellite (a), and estimated by the model in
(b). Panel (c) compares the regional total number of fire pixels detected by the GOES-8
satellite (Sat) and estimated by the model (Mod). The distribution of differences between
model and satellite (model - satellite) values is shown in (d). Fire pixels data source: UWMadison/CIMSS.
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Figure 2.4 - Number o f fire pixels during the fire season in 1997. Maps of the total
number o f fire pixels detected by the GOES-8 satellite (a), and estimated by the model in
(b). Panel (c) compares the regional total number of fire pixels detected by the GOES-8
satellite (Sat) and estimated by the model (Mod). The distribution of differences between
model and satellite (model - satellite) values is shown in (d). Fire pixels data source: UWMadison/CIMSS.

Because clouds can interfere with fire detection, and Amazonia is known to be a
cloudy region (Robinson 1991, Asner 2001), the analysis used thus far may provide a
significant underestimate o f the actual number of fires. In an attempt to account for this,
we developed a simple correction for the data that assumes that fires occur with the same
frequency under clouds as in the open. While the actual effects of clouds on fires and fire
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detection are unknown and potentially complex, this correction accounts for potential
masking effects. The derivation of the cloud correction is included in Appendix B. Figure
2.5 and 2.6 show the results o f the implementation of the model using this correction for
1995 and 1997, respectively. The adjusted total number of fire pixels observed and
estimated exceeds 350,000, compared to the approximately 200,000 without the
correction. This increase is derived from the fact that a substantial portion of the
observational domain is cloud covered. The spatial patterns are intensified and altered
slightly compared to the uncorrected case, reflecting the pattern of cloud coverage over
the region. Table 2.2 presents the range of parameter estimates that satisfy a simple
goodness-of-fit criterion in this case.
Finally, in order to begin to assess the relative importance of the different factors in
the model, we performed a single factor analysis. In this analysis, we calculated the
contribution of each factor to the model’s ability to explain the data by removing one
factor at a time and reparameterizing to achieve the best goodness-of-fit without the
factor in question. The decrease of the goodness-of-fit is a measure of the importance of
the factor. The results of this analysis are expressed in log-likelihood units and are
displayed in Figure 2.7. First, each of these factors is important to the model’s
performance. The distance from paved roads and total precipitation have the highest
relative importance. These are followed by minimum precipitation, forest cover, and
deforestation.
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Figure 2.5 - Number o f fire pixels during the fire season in 1995 adjusted using the cloud
correction described in Appendix B. Maps of the total cloud-corrected number of fire
pixels detected by the GOES-8 satellite (a), and estimated by the model (b). Panel (c)
compares the regional total cloud-corrected number of fire pixels detected by the GOES8 satellite (Sat) and estimated by the model (Mod). The distribution of differences
between model and satellite (model - satellite) values is shown in (d). Fire pixels data
source: UW-Madison/CIMSS.
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Figure 2.6 - Number of fire pixels during the fire season in 1997 adjusted using the cloud
correction described in Appendix B. Maps of the total cloud-corrected number of fire
pixels detected by the GOES-8 satellite (a), and estimated by the model (b). Panel (c)
compares the regional total cloud-corrected number of fire pixels detected by the GOES8 satellite (Sat) and estimated by the model (Mod). The distribution of differences
between model and satellite (model - satellite) values is shown in (d). Fire pixels data
source: UW-Madison/CIMSS.
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Figure 2.7 - Relative importance of each fire predictor to the model’s performance (see
text). Distance from paved roads and total precipitation have the highest relative
importance, followed by minimum precipitation, forest cover, and deforestation. Values
were calculated at 0.5-degree resolution.

Table 2.1 - Parameter values for the model, Equations (2.3). The column labeled
“Assuming no fires under clouds” contains the “best” (highest likelihood) parameter
values found without cloud correction using data fitting algorithm and likelihood metric
described in Appendix A. The column labeled “Assuming cloud correction” contains the
parameter values found with cloud correction. The fire season is defined as from June to
October. Distance class is related to distance, and is defined in Appendix C.
Parameter

Units

Pi
p2
p3
p4
p5
p6
P7
p8
p9

mm
mm
distance class
distance class
mm/month
mm/month
dimensionless
dimensionless
number o f fire
pixels/fire season
number of fire
pixels/fire season

plO

Assuming no fires
under clouds
194.56
151.09
0.54
2.62
-1.18
22.15
0.73
0.46
147.05

Assuming cloud
correction
174.90
149.77
-0.12
2.73
12.29
27.83
0.69
0.38
349.71

445.89

919.24
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Table 2.2 - Parameter values for the model, Equations (2.3), assuming cloud correction.
The column labeled “Best” contains the “best” (highest likelihood) parameter values
found with cloud correction, using the data fitting algorithm and likelihood metric
described in Appendix A. Columns under the heading “All” contain the range of
parameter values found within 16.919 log-likelihood points from the maximum (5%
significance level, and 9 degrees of freedom) (Brower and Zar 1984), allowing all
parameters to vary simultaneously. The columns under the heading “Single” contain the
analogous range o f parameter values keeping all but the focal parameter value fixed at the
best values. Parameters with narrower ranges are more sensitive than parameters with
wider ranges.
All
Parameter
Pi
p2
p3
p4
p5
p6
p7
p8
p9

plO

Units
mm
mm
distance class
distance class
mm/month
mm/month
dimensionless
dimensionless
number o f fire
pixels/fire
season
number of fire
pixels/fire
season

Single

Best
174.90
149.77
-0.12
2.73
12.29
27.83
0.69
0.38
349.71

Low
-41.97
90.21
-41.80
-16.78
-271.47
-330.39
-234.48
-273.74
-519.86

High
246.62
345.72
2.05
16.40
258.81
415.62
309.24
485.11
186207.62

Low
99.70
88.36
-1.08
1.91
-16.47
11.97
0.48
0.21
-519.86

High
246.62
328.00
1.00
4.18
26.54
>100.00
0.87
1.06
1762.52

919.24

2.42

452358.45

508.64

1483.56

2.4 Projecting Future Fire Activity
In order to estimate the potential changes to fire activity in Amazonia, we applied
the fire model to two different scenarios of development. The first scenario is one of
intermediate deforestation (IDS). In this scenario, the paved roads system is expanded
according to the Project Avan a Brasil (Laurance et al. 2001, Brazilian Federal
9

Government 2001). This project is an active development plan for the next ~20 years
(Brazilian Federal Government 2002), and has been the focus of other environmental
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studies (Carvalho et al. 2001a, Laurance et al. 2001). Corresponding changes in forest
cover and deforestation rates were estimated based on the relationship between forest loss
and distance from paved roads developed by Laurance et al. (2001), as explained in
Appendix C. In a second more extreme scenario, complete deforestation is contemplated
(CDS). In this scenario, forests are replaced by degraded pastures, and paved roads and
active deforestation are assumed present in every grid cell. Though extreme, the scenario
of complete deforestation has been used in many climate studies (Lean and Warrilow
1989, Shukla et al. 1990, Nobre et al. 1991), and helped to motivate the LB A experiment
(The LBA Science Planning Group 1996). Based on Shukla et al. (1990), complete
deforestation may result in a decrease of 25% in the areal average of the monthly
precipitation during the dry season (from June to October) for the entire region.
In both the IDS and CDS scenarios, substantially altered fire activity is projected to
occur. These changes in fire activity are largely independent of reference year or cloud
correction. Figure 2.8 illustrates the projected changes in the fire patterns as a result of
these scenarios using the 1995 reference year with cloud correction. Under IDS scenario,
our model projects a 22% increase in the total fire activity across the region (Figure 2.8c).
Substantial increases in fire activity are projected where the paved roads access is
expanded (Figure 2.8a), and in regions that usually do not bum (Figure 2.8b). Under
CDS, our model projects a 123% increase in regional total fire pixel activity (Figure
2.8c). The distribution o f changes from the reference year is showed in (Figure 2.8d). In
both scenarios, most of grid cells are projected to have substantially increased fire
activity.
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In order to evaluate the consequences of uncertainty in model parameter estimates
for these projections, we performed model projections using all sets of parameters that
satisfied the goodness-of-fit criterion in the reference case (Table 2.2). In all, more than
106 parameter combinations were used. Figure 2.8c displays the range of estimates
produced. For EDS, the range of projected changes in fire activity is -18% to +61%. For
CDS, the range in fire activity is +36% to +12700%.
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Figure 2.8 - Projections o f future fire activity in response to development scenarios in
Amazonia. Map (a) shows the projected number of fire pixels during a fire season under
the intermediate deforestation scenario (IDS). Map (b) shows the projected number of
fire pixels during a fire season under the complete deforestation scenario (CDS). Plot (c)
compares the estimates of the regional total number of fire pixels for the reference year
(1995 Ref), and for the intermediate (IDS) and complete (CDS) deforestation scenarios.
Columns were calculated using the set of parameters that represents the maximum
agreement between model estimates and fire data. Range bars were calculated using sets
o f parameters that satisfied the “goodness-of-fit criteria” (Table 2.2). Plot (d) shows the
distributions of the differences. Solid line is the distribution of differences between model
and satellite (model - satellite) for the fire season in 1995. Dashed line is the distribution
o f differences between the model estimates under IDS and under the reference case
(m odellD S - m odelref). Solid bold line is the distribution of differences between the
model estimates under CDS and under the reference case (model CDS - model ref). Fire
pixels data source: UW-Madison/CIMSS.
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2.5 Discussion
This work is motivated by two main considerations. First, fire is a very important
disturbance in Amazonia. Second, the major factors that are believed to cause fires in this
region are widely expected to change in the future. Together, these considerations suggest
that it is prudent to evaluate the consequences of future changes on the fire activity in the
region. To this end, we developed a new fire model for the region that is able to
reproduce the main patterns of fire occurrence, and applied this model under two
important scenarios o f the future. Both scenarios involved increases in land-use activities,
and one scenario involved corresponding changes in climate. Since these changes in landuse activities and climate are important predictors of fires in the region, both scenarios
are projected to result in substantially increased fire activity.
Satellite-based remote sensing provided the information on fire occurrence for this
study. One problem with interpreting these data is the presence of clouds, which can
mask the surface and interfere with fire detection. In order to evaluate the potential
effects o f clouds on fire estimates, we developed and applied a simple correction. The
correction assumes that fires occur with the same frequency under clouds as observed in
the open. As expected, this correction leads to a large increase of estimates of fire activity
because of the frequent presence of clouds. While this may not be the best correction, the
use of satellite data without a cloud correction amounts to assuming that there are no fires
under clouds, a situation that is false in at least some cases. We consider it a research
priority to better understand the effects of clouds on satellite fire detection. In the
meantime, we have assumed that this simple correction is better than no correction at all
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and have used it in our reference case for evaluating future scenarios. It should be noted
that our expectations for changes in fire activity do not depend on this correction; similar
proportional increases in fire activity in response to the scenarios are obtained without it.
A second problem with interpreting these data is the presence of missing values in the
fire product itself. In this study, approximately 10% of the time periods were missing in
1995, and approximately 2% were missing in 1997. Because of missing values, the data
analyzed in this study are likely to be an underestimate of the actual fire pixel activity in
the region, and thus our model estimates are likely to be conservative.
The focus in this study has been on fire pixels. Fire pixels by themselves are not
particularly useful for many applications. Atmospheric and biogeochemical studies need
information on carbon emitted. Ecologists need information on area burned and effects
on plants. In an attempt to provide such information regionally, one can, however, derive
estimates from fire pixels. For example, Setzer and Pereira (1991) used AVHRR data to
estimate that fires in Amazonia burned approximately 200,000 km2 and released about
0.52 Pg C into the atmosphere in 1987. Prins et al. (1998) used GOES-8 ABBA data to
estimate that fires burned about 42,000 km2 in 1995 for a large portion of South America
including most of Amazonia. Using these estimates as the basis, projections using the
model’s best parameter estimates correspond to an additional area of 9,240 to 246,000
km2 y'1 under the intermediate and the total deforestation scenarios, respectively. This
implies that fires in Amazonia could potentially contribute an additional 0.11 to 0.64 Pg
C y"1to the atmosphere. Combining the uncertainty in the contemporary area burned with
our uncertainty in model parameter estimates, the range is from a slight decrease, to a
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cumulative increase that is as large as the entire domain. On the high side, the
consequences for carbon emissions of such an increase could be very large. While the
uncertainty in these estimates is high, the potential for increased fire activity under these
scenarios greatly exceeds potential reductions.
Our projections are based on a coarse resolution model. In its formulation,
simplicity and effectiveness at explaining satellite data were the goals. Its multiplicative
form, while simple, may contribute to large parameter uncertainty and a wide range of
projections. In developing the model, many alternative factors and functional forms were
considered, but only those that substantially improved the model performance were
retained. Locally important factors could be missing or confounded. For example, the use
o f fire in pasture maintenance is known to be an important cause of fires (Andreae 1991,
Guild et al. 1998), but the presence of pastures and savannahs were not identified as
important factors in this analysis. This and other similar factors may not have appeared
important for several reasons. Activities associated with small or understory fires will be
underestimated in this analysis because satellites are poor at detecting such fires (Nepstad
et al. 1999). Spatial and or temporal inconsistencies between fire data and input data sets
could confound important patterns. Factors that are inconsistent across the region may be
missed because our model has just one set of parameters. Finally, factors that are
positively correlated with other factors that are in the model may be overshadowed. In
future studies, we will attempt to increase the resolution of the analysis, and work to
incorporate potentially important mechanisms that are absent.
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It is interesting that in this study coarse resolutions always lead to a better
agreement between model results and observations. There are at least two reasons why
modeling fire occurrence at finer resolutions is more difficult than at coarser resolutions.
One reason is related to issues on the alignment between datasets. It is very important that
risk factors and fire data are spatially and temporally aligned. Errors in alignment can
cause errors in model parameterization and results. Aggregating the datasets to coarser
resolutions reduces the importance of precise alignment. The second reason is the fact
that the problem becomes simpler at coarser resolutions, because the patterns themselves
are simpler. In its current form, the model reproduces the main features of the fire activity
at a resolution that can be useful for many studies including those using GCMs, at least
some of which are used at this resolution or coarser.
The model we have constructed was developed by identifying and applying
statistical correlations. As such, it explains the large-scale patterns of fire, but is nonmechanistic. One type of dynamics that it does not include is the potential for dynamical
feedbacks. Feedbacks can potentially alter fire activity in dramatic ways. For example,
fires can increase future fire susceptibility by increasing fuel loading and drying
(Cochrane et al. 1999). Fires can also promote the occurrence of fire-prone vegetation
(Cochrane and Schulze 1999). But feedbacks are not always positive. For example, fire
suppression can potentially lead to the replacement of fire prone vegetation by more fire
resistant vegetation (i.e. flammable grasses replaced by less flammable woody trees), and
promote lower risk microclimates. Taken together, it is likely that the absence of the
potential for positive feedbacks in our model is more problematic. Many potential
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scenarios for the future o f the Amazonia involve increased fire risk in most locations.
With positive feedbacks, future fire activity in response to these conditions could be even
greater than we have estimated. While this is an important caveat, in this sense our model
estimates may be conservative.
Amazonia is a large and complex region in terms of social, economic and
ecological aspects. The expectation of increased fire activity associated with the scenarios
is likely to be robust, but actual increases in fire activity in the future are not a foregone
conclusion. There are two major options to avoid increases in fire activity. These options
can be combined. First, the scenarios themselves can be avoided. In this case, the ongoing
process o f road expansion and deforestation would need to be slowed. Second, changes in
fire management policy could be implemented. These changes would need to result in
decreased actual fire activity despite potentially increased risks for fires. Examples of
relevant techniques include fire breaks, controlled bums, and strict enforcement. In some
regions the effectiveness o f these techniques have been questioned (Miyanishi and
Johnson 2001, Keeley and Fotheringham 2001). In the United States as a whole,
however, fires are currently estimated to bum only a small fraction of the area they
burned naturally due in part to active fire management (Houghton et al. 1999 and 2000a,
Hurtt et al. 2002).
This work focuses on changes in land-use, and potential corresponding changes in
climate. When planning for the future, there is also issue on global climate change caused
by greenhouse gases (IPCC 2001). Most commonly, these projections are made without
considering feedbacks from the biosphere. One recent study that has coupled the
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biosphere, estimated that climate change over the Amazonia could lead to very large
carbon losses from ecosystems, which in turn could amplify future global climate change
(Cox et al. 2000). The causes of these carbon losses are the hotter and drier climatic
conditions that lead to a loss of forests. It is likely that a consideration of altered fire
activity, could accelerate the rates of carbon losses estimated in that study even further.
Despite what is known about fires in Amazonia, many uncertainties remain. While
fires are important and could contribute as much carbon emissions to the atmosphere as
direct deforestation (Houghton et al. 2000), only a relatively small number of estimates
exist and these are highly uncertain. To substantially reduce this uncertainty, an
ambitious investment in additional data, field studies, and fire modeling is needed.
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CHAPTER III

FIELD WORK AND STATISTICAL ANALYSES FOR ENHANCED
INTERPRETATION OF SATELLITE FIRE DATA

3.1 Summary
Because the their broad spatial and temporal coverage, satellites are important
tools for providing information on fires worldwide. A key to the application of these tools
for environmental studies is the accurate interpretation of the data they provide.
Examples o f factors that should be considered include temporal sampling, cloud
coverage, plant-canopy coverage, fire intensity below detection, and confounding
reflective surfaces. In Amazonia, the interpretation of satellite fire data is particularly
important because fires are significant disturbances there, and because satellites provide
the main source of fire data for the region. To enhance the interpretation of satellite data
for this region, we collected ground-based information on fire activity and statistically
related them to corresponding satellite-based data using error matrices. Ground-based
data were collected in two regions in Brazil in 2001 and 2002 using a simple and passive
method. Corresponding satellite fire data from AVHRR and MODIS were then obtained
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and analyzed. Results from these analyses indicate that the total accuracy for both fire
products was very high and dominated by accurate non-fire detection. Fire-detection
accuracy was lower, and errors of commission were less than errors of omission. Satellite
fire products differed in the frequency of omission and commission errors for fires;
omission errors were lower for AVHRR, and commission errors were lower for MODIS.
Results from this study suggest that passive ground-based analyses can substantially
contribute to the interpretation of satellite fire data.

3.2 Introduction
Fires can change on the time scale of hours, land-surface characteristics that can
take centuries to develop. They affect ecosystem structure (Geist and Lambin 2001,
Cochrane 2003), biogeochemical cycling (Crutzen and Andreae 1990, Hughes et al.
2000), and the composition, chemistry, and energy balance of the atmosphere. Fires
release greenhouse gases, reactive chemicals, and particles (Crutzen and Andreae, 1990;
Brasseur et al., 1999; Crutzen and Lelieveld, 2001), and can change the albedo and other
important properties o f the landscape (Govaerts et al. 2002, Beringer et al. 2003). For
example, contemporary global carbon emissions from fires have been estimated to be
3.53 Pg yr'1 (van der W erf et al. 2004). Fires also account for ~8 Tg N yr'1 to the
atmosphere, an amount that represents approximately 25% of the annual anthropogenic
emissions o f nitrogen oxides which in turn cause significant increases in tropospheric
ozone concentrations (Crutzen and Lelieveld 2001). Aerosols from fires can cause the
concentration o f cloud condensation nuclei (CCN) in the atmosphere to be an order of
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magnitude higher, affecting both clouds microphysics and rainfall (Kaufman and Fraser
1997, Rosenfeld 2000, Ramanathan et al. 2001, Andreae et al. 2002). By altering the land
surface properties, fire activity can also cause significant regional-scale decreases in
transpiration and energy balance (Govaerts et al. 2002, Beringer et al. 2003).
Fires are an important topic in the international Large Scale Biosphere-Atmosphere
Experiment in Amazonia, LBA (The LBA Science Planning Group 1996, Keller et al.
2001, Souza et al. 2003). Nutrient losses during fires in Amazonia have been shown to
reduce long-term agricultural productivity (Sa et al. 2002). Air quality in areas with
burning activity can be as poor as in urban areas (WHO 1999). Fires that escape from
managed lands are considered a major threat to forests (Nepstad et al. 1999, Cochrane
2003). In addition, substantially increased burning activity is projected for Amazonia in
response to future scenarios of land-use if the current relationships between fire activity
and explanatory factors continue to hold (Cardoso et al. 2003).
In Amazonia, fire information comes from ground-based and remote-sensing data.
These sources o f information have different properties and availability. Ground-based
data typically provide direct measurements of the consequences of fires and provide
quantities such as carbon consumed and nutrient losses. For example, Carvalho et al.
(1998) and Feamside et al. (2001) estimated the effects of fire on aboveground carbon
stocks in forests near Manaus. Cochrane and Schulze (1999) evaluated the effects of fires
on the structure and species composition in forests in eastern Amazonia. The impacts of
fires on nutrient concentrations have been studied in primary forests by Kauffman et al.
(1995) and Guild et al. (1998), in cattle pastures by Guild et al. (1998) and Kauffman et
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al. (1998), and in regenerating forests by Hughes et al. (2000). Based on interviews with
farmers, relations between land use and fires were assessed by Guild et al. (1998) in
Rondonia, and by Nepstad et al. (1999a) in this and other locations experiencing
deforestation. While there are other examples of ground-based studies in the region,
information of this kind is generally available only for limited regions and periods of
time.
Satellite-based data, on the other hand, primarily provide estimates of fire activity
and generally have the most complete spatial and temporal coverage. For Amazonia,
important examples o f satellite-based sources of active fire data include the Brazilian
Institute for Space Research (INPE) fire monitoring system based on NOAA polarorbiting satellites (CPTEC 2003, Setzer and Malingreau 1996), the UW-Madison CIMSS
Biomass Burning Monitoring Program based on geostationary GOES satellites (UWCIMSS 2004, Prins et al. 1998a), and the NASA fire products using data from TERRA
and AQUA platforms (NASA 2003, Justice et al. 2002). These sources provide regional
coverage at a spatial resolution of l-4km at sub-daily/daily frequency.
To make use o f satellite-based active fire products, it is clearly important to
properly interpret the data they provide. Most of the data are provided as fire pixels,
which are satellite picture elements wherein active burning is detected. Fire pixels
indicate fire activity, but they are not a direct measure of individual fire occurrence, area
burned, or carbon emitted. In addition, some fires are small and may not generate enough
energy to be detected (Eva and Lambin, 1998; Li et al., 2001). Fires can occur at times
other than satellite detection times (Eva and Lambin, 1998; Ichoku et al. 2003). Clouds
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and plant canopies can hide fires from remote detection (Setzer and Malingreau, 1996;
Boles and Verbyla, 2000). Solar reflection, or glare, can lead to false positives (Giglio et
al. 1999; Kasischke et al. 2003). Because of these and other complicating factors,
methods to interpret these data are needed.
Three major methods have been applied to assess satellite fire data in Amazonia.
One method uses independent estimates from high-resolution products to assess the
accuracy o f coarser resolution products (Justice et al. 2002). Using this technique,
MODIS data for January 2003 over Roraima were compared to higher resolution fire data
provided by the Advanced Space-borne Thermal Emission and Reflection Radiometer
(ASTER) (Morisette et al. 2003). The same technique has been used in other regions. In
Southern Africa, for example, the probability of detection by MODIS has been shown to
be a strong function o f the detection by ASTER (Morisette et al. 2002), and the number
of fire pixels detected by MODIS and ASTER have been shown to be positively
correlated (Justice et al. 2002).
A second method is the verification of fire pixels from airplanes, helicopters, or by
passive ground observations. For example, as part of the Fire Monitoring Program at the
Brazilian Environmental Protection Agency (PROARCO/IBAMA), several observations
were made from helicopters over the state of Acre in 2001. Estimates from these
observations suggest that 35% of 2001 fires in Acre were detected with NOAA-12, and
63% were detected with GOES-8 (Selhorst and Brown 2003). In other parts of Brazil,
-98% o f fires detected using the Advanced Very High Resolution Radiometer (AVHRR)
at INPE have been confirmed by fire fighters, and omission errors have been estimated to
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be -26% (Setzer et al. 1992). Observations in other regions of Amazonia in 2001 by
IBAMA also indicated that omission were larger than commission errors in MODIS fire
data (Schroeder 2003).
The third method is the use of prescribed (controlled) bums. In this method, fire
products are evaluated based on their ability to identify intentional fires set in
synchronization with satellite detection. For example, in order to assess the GOES-8
ABBA fire product, three prescribed bums were set during the Smoke Clouds and
Radiation-Brazil (SCAR-B) experiment, in September 1995 in Rondonia (Prins et al.
1998). One fire could not be detected due to cloud cover. The remaining two fires were
detected and had their size and temperature estimated. Controlled bums set for emission
studies during the field experiments BASE-A (Kaufman et al. 1992) and BASE-B (Ward
et al. 1992) were also used to assess NOAA/AVHRR fire data. One fire, set on
September 1989 in Mato Grosso was detected from satellites NOAA-10 and NOAA-11.
The other controlled fire, set on September o f 1990 in Para, was detected from NOAA-9
and NOAA-11 (Setzer et al. 1994).
All of these methods have advantages and disadvantages that should be considered.
For example, the first method (product intercomparisons) allows for direct comparisons
between products that are aligned in space and time, but depends on accurate fire
detection from the reference (higher resolution) remote-sensing data. The second method
(verification o f fire pixels) allows for a large sample size, but is resource intensive to
provide for the set of observations needed. The third method (prescribed bums) offers the
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opportunity for very detailed measurements, but it is limited in sample size and it is not
passive.
In this paper, we describe an additional method to enhance the interpretation of
active satellite fire data (Cardoso et al. 2002). The method consists of the collection of a
relatively large set o f passive ground-based data on both fire and non-fire occurrence,
which are then statistically related to data from corresponding satellite fire products.
Statistical analyses are based on error matrices following Congalton and Green (1999),
and yield information on both fire and non-fire detection accuracies. Using this method in
two regions in Brazil, in 2001 and 2002, we find that the total accuracies for AVHRRand MODIS-based active fire products were very high (>99%). These high total
accuracies were primarily due to the correct detection of regions that were not burning.
The accuracies for the detection of fires were lower, with omission errors higher than
commission errors. The satellite products differed in their accuracy values. The omission
errors for fire were lower for AVHRR than for MODIS, and commission errors were
lower for MODIS than for AVHRR.

3.3 Ground-based data
We identified two regions in Brazil to collect ground-based data on fire activity
(Figure 3.1). The first is located in the vicinity of Maraba, in the state o f Para. This region
is primarily forest covered, and is experiencing rapid deforestation for the formation of
pastures and for wood and coal production. The second region is located between Cuiaba
and Alta Floresta, in the state of Mato Grosso. This region can be characterized as a
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transition zone between savannas and forests, with a more diverse set of land-uses and a
significant area of croplands (e.g. soy). Both regions are located in or near the Arc of
Deforestation (INPE 2000) and experience high fire activity. These regions were selected
for study because of their high fire occurrence, different environments, and ease of access
by roads. Specific locations were chosen based on satellite fire pixels maps from previous
years, and consulting with local researchers. Para was visited from November 3 to 5,
2001, and Mato Grosso was visited from July 12 to 15, 2002. These dates were during the
dry season for these regions when fires typically occur (Crutzen and Andreae 1990).
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Figure 3.1 - Regions where ground-based fire data were collected: the vicinity of
Maraba, in the state o f Para, visited from November 3 to 5, 2001 (region A); between
Cuiaba and Alta Floresta, in the state of Mato Grosso, visited from July 12 to 15, 2002
(region B). Light black lines represent political boundaries. Dark black lines represent
tracks driven.
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In each location, data on fire and non-fire occurrence were collected by visual
inspection from roads primarily during daylight hours. Fire position and time were
determined by direct measurement with a handheld Global Positioning System receiver
(GARMIN GPS V), or estimated visually from measured positions. Data collected
include fire position, time, size, and land-cover. Fire size was estimated in three
categories: small (< 0.25 ha), medium (0.25 - 1 ha), and large (> 1 ha). Size combined
the area actively burning and the area recently burned. In some cases, fire size could not
be estimated because lack of visibility of the affected area. Land cover included several
traditional categories including: savanna and grassland, woody savanna, forest, pasture,
croplands, and two additional categories for coal production and sawmills, and for fires
that could be specifically classified (“other”). Field equipment included a car, road maps,
a portable GPS receiver, pens and paper. In total two people participated in Para and
three in Mato Grosso. Appendix D presents a table of the data collected.
In some locations, we drove out and back using the same road to enable the
estimation of the rate o f change in the fire state of the land surface with respect to time.
On these repeated tracks, observations of fires could be classified as: fires that were
observed only on the way out, fires that were observed only on the way back, and fires
that were observed in both directions. Observations of points that were not burning (non
fires) were classified in a similar way: non-fires that were observed only on the way out,
non-fires that were observed only on the way back, and non-fires that were observed in
both directions.
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Figure 3.2 provides a classification of observed fires by observation frequency, fire
size, proximity to roads, and land cover. A total of 162 fire events were observed. Of
these, 144 fires were observed once and 9 were observed twice. Forty-seven fires (29%)
were classified as small, 35 (22%) were medium, 57 (35%) were large, and 23 (14%) did
not have their size estimated. Eighty-six fires (53%) were estimated to be at distances
equal to or greater than 1 km from roads, the remaining were estimated to be closer than
1 km. Forty-four fires (27%) were observed in forests, woody savannas and savannas or
grasslands. Sixty-four fires (40%) occurred in pastures, croplands, and around coal
productions or sawmills, and 54 (33%) were not specifically classified.
The same number o f fire events was observed in both regions, 81 in Para and 81 in
Mato Grosso, but the characteristics of these fires differed (Figure 3.2). In Para, most of
fires were large and burning far from roads. In Mato Grosso, most of fires were small and
a larger percentage was close to the roads. The number of fires that did not have size
estimated was smaller in Mato Grosso. In Para, fires were not observed in croplands,
savannas or grasslands. In this region -50% of the fires were in pastures and in coal
productions or sawmills, and -10% were in wood savannas and forests. In Mato Grosso,
few fires occurred in pastures (2%). In this region, 43% of the fires were in savannas or
grasslands, woody savannas, and forests, and 25% were in croplands and around coal
productions or sawmills.
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Figure 3.2 - Characteristics of fires observed on the ground in Para, Mato Grosso and
both regions combined. Rows contain: (a) observation frequency, (b) fire size, (c)
proximity to roads, and (d) land cover. “Observed once” refer to fires that were observed
only on the way out or only on the way back. “Observed twice” refer to fires that were
observed both ways on repeated tracks. Fire size was estimated as small (< 0.25 ha),
medium (0.25 - 1 ha), large (> 1 ha), and unknown. Proximity to roads was classified as
close (< 1 km) and far ( 1 km). Land-cover types are described in the text.
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Figure 3.3 - Daily characteristics of fires observed on the ground in Para and Mato
Grosso. Rows contain: (a) fire size and (b) proximity to roads.

The number of fires observed through time varied in both regions (Figure 3.3). In
Para, the daily number ranged from 14 to 46. In Mato Grosso, the daily number ranged
from 10 to 28. The daily fraction of fires observed close to roads in Para ranged from
29% to 48%, and in Mato Grosso ranged from 50% to 56%. The daily patterns of fire size
varied more than the daily patterns of proximity to roads. For example, the daily
frequency of small fires ranged from 4% to 29% in Para, and from 29% to 67% in Mato
Grosso. The frequency of medium fires ranged from 17% to 50% in Mato Grosso. The
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frequency of large fires ranged from 29% to 71% in Para, and from 10% to 36% in Mato
Grosso.

3.4 Satellite data
We used two sources o f satellite data that covered our regions of study. One source
of information was the INPE/AVHRR active fire product (CPTEC 2003), which has been
one of the main sources o f information for ecological and atmospheric studies related to
fire activity in Amazonia (EMBRAPA 2003). In this product, active burnings are
identified based on data from one AVHRR thermal channel centered at a wavelength
close to 4 pm (Setzer and Malingreau, 1996). Fire pixels are selected by identifying
thermal energy above a threshold. In a second step, anomalous fire pixels are filtered out
if there are indications that they were caused by solar reflection on water or clouds
(Setzer and Malingreau, 1996). The spatial resolution of the product is approximately 1
km at nadir. For the periods analyzed in this study, AVHRR fire information were
produced from NOAA-12 afternoon overpasses, covering the analyses regions around 20
GMT daily. Data were provided by the Brazilian Center for Weather Forecasts and
Climate Studies (CPTEC). Hereafter we refer to this product simply as AVHRR.
The second source o f satellite-based fire information is one of the MODIS fire
products (NASA 2003, Justice et al. 2002). These data provide a main source of
information on fire activity for the NASA Earth Observing System (Lindsey and
Salomonson 2002). In particular, we analyzed information from the MOD 14 active fire
product (Justice et al., 2002). In this product, active burning is identified based on data
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from two MODIS thermal channels centered at wavelengths close to 4 and 11 pm. Fire
pixels are identified based on both abnormally high thermal emission at shorter
wavelengths, and on thermal emission that is significantly higher than the fire-free
background. After detection, potential fire pixels may be filtered out if there are
indications that they were caused by reflective surfaces or sun glint (Justice et al., 2002).
The spatial resolution is similar to AVHRR, and approximately to 1 km at the nadir. For
the periods analyzed in this study, available fire information were from the MODIS
sensor onboard the TERRA platform, which overpasses the analyses regions around 2
AM and 14 PM GMT daily. The data sampled in the morning are referred here as
MODIS AM, and the data sampled in the afternoon are referred as MODIS PM. Data
were obtained from NASA Earth Observing System Data Gateway.
We analyzed satellite fire data that were up to 30 km from roads driven. Figure 3.4
provides a summary o f the characteristics of the fire pixels detected. In total, AVHRR
detected the largest number o f fires (88, 79%), followed by MODIS AM (15, 13%), and
MODIS PM (9, 8%). No fire pixels were detected by MODIS PM in the study region of
Para. The same number of fire pixels was detected in both regions (56 in Para and 56 in
Mato Grosso). The daily number of fire pixels detected in the study regions varied
considerably. In Para, the number of fires detected ranged from 0 to 42 per day. In Mato
Grosso, the number of fires detected ranged from 0 to 27 per day. All fire products
detected some fires on just one day.
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Figure 3.4 - Characteristics o f fire data detected by satellite in the study regions of Para,
Mato Grosso, and in both study regions combined. Rows contain: (a) total and (b) daily
number of fire pixels detected using AVHRR, MODIS AM, and MODIS PM.

3.5 Relations between ground- and satellite-based fire data
In order to relate ground- and satellite-based fire information, these datasets must
be aligned in space and time. This alignment is not straightforward because these data
sources have different spatial and temporal characteristics. For example, satellite
information is produced on a relatively coarse grid, while ground observations can be
positioned on a relatively fine grid because they can be measured by a portable GPS. In
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addition, satellites observe the land surface at a relatively small number of specific times
per day, while ground observations can occur at a variety of times and frequencies. The
development o f quantitative methods for aligning these datasets is a key challenge for
interpreting and validating satellite products generally.
To spatially relate ground- and satellite-based information, we first overlaid
corresponding datasets in a Geographical Information System (GIS). We then defined a
study area within each region according to the track (road driven) and three spatial
parameters (Figure 3.5). The observer’s field of view perpendicular to the road ( V)
combined with the track defined the main characteristics of the study area within the
region. Two additional spatial parameters R g and R s are radii that defined circles
representing uncertainty in the location of ground and satellite fire data, respectively.
Ground- and satellite-based fire data are said to “match” when their circles intersect, and
are considered “non-matches” otherwise. Areas that were observed to not be burning
from both ground and satellite observations were said to “match” at the resolution of the
satellite product.
In this study, we set R s equal to the fire product’s nominal spatial resolution.
Parameters V and Rg were not as straightforward to determine. The observer’s field of
view can change according to many features on the landscape, such as topography. R g is
difficult to determine for fires far from road. To evaluate the importance of these
parameters, we analyzed both a base case of reasonable parameter values, and performed
sensitivity analyses.
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Ground data

Track

Satellite data

Figure 3.5 - Hypothetical study area. V is the observer’s field of view, R g and R s are radii
that define circles representing uncertainty in the location of ground and satellite fire
data, respectively. The study area is primarily defined by the track and V. Observations
that intersect the perimeter defined by V are added to the study area.

Because acquisition times for ground- and satellite-based fire data may not
coincide, temporal relations between these datasets should be also taken into account. At
one extreme, fire data could be interpreted to represent all fire activity in the region for
the day. At the other extreme, fires could be assumed to be short-lived instantaneous
events. In this case, fire data would represent only the fire activity at the specific
detection/observation times. The reality is that fires bum for finite periods of time and
typically less than one day. To account for the time differences between ground
observations and satellite detections, we developed and applied time correction statistics.
In all, we performed three analyses using progressively more sophisticated
assumptions. The first analysis (Analysis 1) is the simplest and most transparent; it uses
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reasonable a priori estimates of parameter values and makes the simplistic assumption
that all fire observations are valid for the entire day on which they are observed. The
second analysis (Analysis 2) builds on Analysis 1 by including a statistical approach to
account for the finite (< lday) duration of fires and the differences between ground- and
satellite-based sampling times. The third analysis (Analysis 3) builds on Analysis 1 and
Analysis 2 by evaluating the sensitivity of the results to different spatial-matching
parameter values while accounting for the temporal considerations in Analysis 2. As
discussed below, the results from these analyses are qualitatively similar.

3.5.1 Analysis 1: Day-long fire leneth
To start the analysis o f these data, we began with a simple set of assumptions. We
first assumed that all observations represented the fire activity within the day they were
collected. Thus within a specific day, any observations that were matching in space were
considered to be matching in time as well. To determine spatial matching we choose best
guess values for V and R g. V was set equal to 5 km, which was a conservative estimate of
our typical field o f view. R g was set to 1 km, which is greater than the uncertainty from
the handheld GPS and not unreasonable large. Using these parameters values,
corresponding ground- and satellite-based fire data were compared and evaluated for
matches and non-matches. Statistics were calculated using error matrices as defined in
Congalton (1991) and Congalton and Green (1999), and similar to the ones used by
Morisette and Khorram (2000).
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We used a binary classification representing fire and non-fire states (Figure 3.6).
The elements of the matrix quantify matches and non-matches between the reference and
classified data. Element a is the number of matches for fire. Element b is the number of
detected fires that were not observed on the ground, c is the number of observed fires that
were not detected and d is the number of matches for non-fires. Note that from these
definitions a+b is equal to the number of all satellite fire detections, and a+c is equal to
the number of all ground fire observations inside the analysis area. Using these elements,
the following fire accuracies can be defined:
«/ =

( 3 -1)

a +b

and
Pf = —
■
a +c

(3-2)

In these equations, u / is the user’s accuracy for fire and p / i s the producer’s accuracy for
fire. Uf can be interpreted as the fraction of all satellite fire observations that were verified
on the ground, which is a measure of commission error for fires, p f can be interpreted as
the fraction of all ground fire observations that was verified in the satellite fire data,
which is a measure o f omission error for fires.
Analogous to the accuracies defined for fires above, user’s and producer’s
accuracies for non-fire can be defined by:
(3.3)

d +c

and
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d
Pn =

(3 .4 )

d +b

In these equations, u„ is the user’s accuracy for non-fire and p„ is the producer’s accuracy
for non-fire. u„ can be interpreted as the fraction of all satellite non-fire observations that
was verified on the ground. p n can be interpreted as the fraction o f all ground non-fire
observations that was verified in the satellite fire data. In addition to the specific
accuracies above, the total accuracy can be defined as the fraction between all fire and
non-fire agreements and the total number of number of fire and non-fire observed on the
ground and remotely, expressed as:
T =

a +d

(3.5)

a+ b+ c+ d

Ground data
F
NF
05
03

O
0

p
“

&
NF
05 I N r
CO

Figure 3.6 - Error matrix (Congalton, 1991, and Congalton and Green, 1999). The
categories are fire (F) and non-fire (NF). The columns are reference ground data, and the
rows are classified satellite data. The elements represent sample units, where a is the
number of fire matches, b is the number of satellite-detected fires that were not observed
on the ground, c is the number of ground-observed fires that were detected by satellite,
and d is non-fire matches.
Results from our analysis are reported in terms o f accuracies, which are inversely
related to errors. The user’s accuracy is a measure of commission error, and the
producer’s accuracy is a measure of omission error (Congalton 1991). For example, tty78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

equal to 0.6 shows that 60% of the satellite-detected fires were observed on the ground.
This implies a commission error for fires that is equal to 0.4, or that 40% of fires detected
by the product being analyzed were considered false positives, p f equal to 0.6 shows that
60% the ground-observed fires were detected by the fire product. This implies an
omission error for fires that is equal to 0.4, or that 40% of the fires occurring on the
ground were not detected by the fire product being analyzed.
Table 3.1 displays the results from Analysis 1. Note that for all fire products, the
number of matches for fires is small. Both AVHRR and MODIS PM had one match for
fires; no fires were reported by MODIS AM. The number of cases where the products
overestimated the number of fires was smaller than the number of cases where the
products underestimated the number of fires. The number of detected fires that were not
observed on the ground was smaller for MODIS PM than AVHRR. The number of
observed fires that were not detected by satellite was similar for AVHRR and MODIS
PM. The number of matches for non-fires was large for all fire products.
In all cases, total accuracies were very high and exceeded 99%. This extremely
high total accuracy was the result of the fact that the both ground observations and
satellite products agreed that the vast majority of the land surface was not burning. Fire
accuracies were relatively low for all satellite products. Producer’s accuracy for fires was
0.7% for AVHRR and MODIS PM, and 0% for MODIS AM. User’s accuracy for fires
was 7.7% for AVHRR and 33% for MODIS PM. We could not compute the user’s
accuracy for fires for MODIS AM, because no fires were reported by that product with
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this set o f parameter values (a+b= 0). Note that for both AVHRR and MODIS PM, the
producer’s accuracy for fires was lower than user’s accuracy for fires.

Table 3.1 - Error matrices elements and fire and non-fire accuracies from Analysis 1.
Results are based on a fixed set of parameters V = 5 km and R g = 1 km, and do not
account for timing between ground observation and satellite detection.
AVHRR

MODIS AM

MODIS PM

a

1

0

1

b

12

0

2

c

137

138

137

d

31823

31878

31874

Pf

0.7%

0.0%

0.7%

Uf

7.7%

-

33.3%

Pn

99.9%

100.0%

99.9%

Ufi

99.6%

99.6%

99.6%

T

99.5%

99.6%

99.6%

3.5.2 Analysis 2: Temporal correction
In this analysis we relax the assumption that all fire observations are valid for the
entire day on which they are obtained and address the issue of time differences between
ground observations and satellite detections. These differences are important because
fires observed by one method could potentially bum out before observation by the other,
or new fires could potentially be initiated during the interval between the observations by
the two methods. These events could potentially lead to spurious matches or non
matches. To address these issues, we used the data we collected from repeated ground
tracks to parameterize statistical functions that describe the probability of the land surface
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changing states as a function of time. We then used these probability functions to modify
the accuracy statistics to account for time differences.
Figure 3.7a presents data from repeated ground tracks on the fate of fires as a
function of time between observations. Values of 1 indicate fires were identified on both
ways on the track. Values of 0 indicate fires that were not observed on the repeated track.
Figure 3.7b presents analogous data on the fate of non-fire events (i.e. fire ignition after
the first observation). In Appendix E we describe the use of these data in the derivation of
estimate of the probability that the land surface changes fire state as a function of time
between observations (e.g. fires burning out, and fire ignitions). These probabilities are
represented by the solid curves in Figure 3.7 and are expressed by the following
equations:
(3.6)

Pf (t) = e~kft

and
(3.7)
In these equations, P f (t) is the cumulative probability that a fire remains burning as a
function of time, P n (t) is the cumulative probability that an area of land that is not
burning remains not burning as a function of time t, and k f and kn are empirically
determined constants. Using the method described in the Appendix E, we estimated that
k f = 0.471 hour'1, and kn = 6.65 xlO'4 hour'1. The value of

implies that fires had an

expected average bum length of 1.47 hours. The value of kn suggests that fires had a low
probability o f initiating between observations, a result that is consistent with the fact that
they rare compared to non-buming conditions.
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Figure 3.7 - (a) Changes in fire activity as a function of time. Circles represent
repeated observations plotted as a function of time between observations. A value of one
represents fire/fire. A value of zero represents fire/non-fire. The solid black curve is the
probability of a fire to remain burning as a function of time (Equation 3.6). (b) Changes
in non-fire activity as a function of time. Circles represent repeated observations plotted
as a function o f time between observations. A value of one represents non-fire/non-fire.
A value of zero represents non-fire/fire. The solid black curve is the probability of a non
fire to remain not burning as a function of time (Equation 3.7). The derivations of the
probability curves are explained in Appendix E.
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Using these probability functions, we followed a method analogous to the one used
in the derivation of Equations 3.1 and 3.2, and recalculated the fire accuracies correcting
for time. Each element of the error matrix (e.g. a , b, c, d) was adjusted by the probability
that the first observation was unchanged during the time interval between it and the
observation by the second method. The user’s and producer’s accuracies for fire become

“/ = —

i

I

j

----------

(3-8>

k

and

------------------ 37---------------- ^

Pf =

£

p / (a /o +

i

£

pb(a / » ) +

m

In these equations,

At

k

£ / v(Af?)
q

(ts). i

(tg)

is an index for fires that match. Note that there are a

are indices for satellite-detected fires that were not observed on the

ground, j is for cases in which

tg > ts

which

b -N

tg < ts

( 3 ‘9 )

is the absolute difference between the ground observation time

and the satellite detection time
such cases, j and

'

o f which there are

of which there are

N

such cases,

is for cases in

such cases, m and q are indices for fires observed on

the ground that were not detected by satellite, m is for cases in which
such cases, q is for cases in which tg

k

< ts ; there

tg > ts\

there are M

are c -M such cases.

The non-fire accuracies were recalculated accounting for time as follows:
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d

(3.10)
Y Pr

2 > „ (A fr ) + £ > ,( A f c ) +

^

m
d

r

p.

d

N

b-N

r

j

k

(3.11)

Y P, (A*-) + Y p.(A«) +YP, (Al*)

In these equations, r is an index for non-fires that match of which there are d cases. The
total accuracy was re-calculated correcting for time by:
a

d

XP/ (A/l)+Z p.(A!')
i _________

i

j

r

k

m

__ ___

q

r

Note that the assumption that ground and satellite observations do not change within the
day they were collected is equivalent to setting all A ts equal to zero in the above
equations. In this case, the probability functions presented above have values equal to
one, by definition, and Equations (3.8)-(3.12) reduce to Equations (3.1)-(3.5).
Table 3.2 presents results calculated using the above equations. These results are
qualitatively similar to the results in Analysis 1. User’s accuracies were higher than
producer’s accuracy for fire, and total accuracies were very high and dominated by the
large number o f non-fire agreements. User’s accuracy for fire was higher for MODIS
PM, and producer’s accuracies for fire were low for both AVHRR and MODIS PM.
Accuracies for MODIS AM did not change when accounting for time.
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Quantitatively, correcting for time reduced elements a, b, and c in the error
matrices for both AVHRR and MODIS PM, and led to reduced estimates o f fire
accuracies compared to Analysis 1. User’s accuracy for fires was 3.4% for AVHRR and
25% for MODIS PM. Producer’s accuracy for fires was 0.6% for AVHRR and 0.1% for
MODIS PM. The non-fire and total accuracies were largely unaffected.

Table 3.2 - Error matrices elements and fire and non-fire accuracies from Analysis 2.
Results are based on a fixed set of parameters V = 5 km and R g = 1 km, and account for
timing between ground observation and satellite detection.
MODIS PM

MODIS AM

AVHRR
a

0.4

0.0

0.1

b

11.3

0.0

0.3

c

63.0

138.0

136.7

d

31823.0

31878.0

31874.0

Pf

0.6%

0.0%

0.1%

uf

3.4%

-

25.0%

pn

99.9%

100.0%

99.9%

un

99.8%

99.6%

99.6%

T

99.8%

99.6%

99.6%

3.5.3 Analysis 3: Sensitivity to Spatial Parameters
In this analysis we considered both the time differences between ground
observations and satellite detections, and the sensitivity of the results to different values
of the spatial-matching parameters V and R g. It is important to evaluate the effects of
these parameters because their values are not straightforward to determine in all
situations, and incorrect values could lead to false matches or non-matches that could
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affect accuracies. For example, inaccurate values of the uncertainty in position of ground
observations (Rg) could lead to either spurious matches to satellite pixels far away, or
spurious omissions o f correctly detected fires. Inappropriate values of V could lead to
errors in accuracy estimates if the resulting study area included land not actually
observed from the ground. Small values of V could be too restrictive and cause accurate
detection to not be considered.
To assess the importance of these parameters, we repeated the calculations
described in Analysis 2 using multiple combinations of values for parameters V and R g.
In total, we evaluated 35 combinations of parameter values. Values of V were set to 1, 5,
10, 15, 20, 25 and 30 km. Values of R g were set to 1, 2, 3, 4 and 5 km. Each combination
o f these parameter values resulted in a new study area within the domain and new set of
circles o f position for ground observations (Figure 3.5). These in turn led to new values
in the corresponding error matrices. The accuracies calculated from these error matrices
are presented in contour plots in Figure 3.8.
Figure 3.8 illustrates that the values of spatial-matching parameters V and R g were
important for determining fire accuracies. The influence of these parameters was different
for different products and different accuracy statistics. The user’s accuracy for fires for
AVHRR ranged from approximately 0 to 40% and depended strongly on both V and R g.
This accuracy increased for larger values of R g and decreased for larger values of V. The
highest values of accuracy corresponded to values of R g between 4 and 5 km and values
o f V between 1 and 5 km. For AVHRR, the producer’s accuracy for fires was generally
lower than the user’s accuracy and ranged from 0-8%. The accuracy increased with
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increasing values of R g, but was relatively insensitive to values of V. The highest values
corresponded to values o f R g greater than 4 km.

U ser's a c c u ra c y for fires - AVHRR
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Figure 3.8 - Contour plots (interpolated) of fire accuracies from Analysis 3. (a) User’s
and (b) producer’s accuracy for fires for AVHRR data, (c) User’s accuracy for fires from
MODIS PM data. Producer’s accuracy for fires for MODIS PM, and both producer’s and
user’s fire accuracies for MODIS AM were consistently low (< 1%) for all combinations
of V and R g. Non-fire accuracies for all products were consistently high (>99%) in all
cases and are not shown here.

Unlike AVHRR, the user’s accuracy for fires for MODIS PM did not depend on R g,
but like AVHRR, decreased with increasing values of V. User’s accuracy for fires for
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MODIS PM ranged from 25-100% for F between 1 and 5 km and from 0-25% for higher
values o f V. These accuracies are generally higher than AVHRR, but depended strongly
on a small number of matches. For all products, the non-fire accuracies and total
accuracies were very high (>99%) and relatively insensitive to spatial-matching
parameters. MODIS AM had no matches under all of these parameter combinations,
leading to fire accuracies that were either 0% or undefined. Producer’s accuracy for fires
for MODIS PM were consistently low (<1%) for all parameter values. The interpretation
of these results is presented in the Discussion.

3.6 Discussion
This work was motivated by two main considerations. The first is the fact that fires
are major disturbances in Amazonia that affect both the land surface and the atmosphere
(Nepstad et al. 1999, Andreae et al. 2002, Cochrane 2003). The second is the fact that
satellites provide the most comprehensive source of information on fire activity for the
region (Dwyer et al. 2000, Li et al. 2001). Together these two considerations suggest that
it is important to correctly interpret the data from satellite-based active fire products. To
add to the existing methods of analyses, we developed and applied a new method to
collect passive ground observations on fire and non-fire activity, and to statistically relate
them to satellite-based fire data. Results from these analyses showed that total accuracies
were very high (>99%) and dominated by correct non-fire detection. In the majority of
cases, fire accuracies were lower than total accuracies, and omission errors were larger
than commission errors. AVHRR had lower omission errors, and MODIS had lower
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commission errors. In all, we performed more than 35 sets of calculations considering
different assumptions. While the quantitative estimates of the accuracies differed in the
different analyses, these qualitative conclusions applied in the majority of the cases.
Quantifying and characterizing the accuracies of these products is important because it
can form the basis for accurately interpreting existing products, for developing statistical
corrections for current data, and for developing new and improved products in the future
(Eva and Lambin, 1998).
Our results can be compared to results from other independent studies. Fire
accuracies have previously been reported for MODIS, AVHRR and other products using
a variety o f techniques. For example in Brazil, airborne and ground-based observations in
Acre, indicated that 10-50% of fires were detected by NOAA-12 and GOES-8 in 2001
(Selhorst and Brown 2003). GOES-8 detected two out of three controlled bums in
Amazonia in 1995 (Prins et al. 1998). Based on ground and airborne observations by
IBAM A in 2001, omission errors were found to be larger than commission errors for
MODIS (Schroeder 2003). In Canada, evaluations based on burned area and
corresponding AVHRR thermal data estimated that the fire detection algorithm used for
MODIS had fire commission error <1% and fire omission error of 81% in 1995 (Ichoku
et al. 2003). Validations using burned area indicated that omission was lower than fire
commission errors in NOAA-14 fire data for boreal forests (Li et al. 2000). To our
knowledge, total and non-fire accuracies have not been previously reported.
When comparing our results to these other studies, one important difference is that
our fire accuracies are generally lower. To understand why the fire accuracies reported
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here are relatively low, one has to consider the differences between our study and
previous studies. The first point to consider is that we have used a broader definition of
accuracy than is used in most other studies. Our definition of accuracy is from the user’s
perspective and includes all factors that can affect fire detection and lead to differences
between ground- and satellite-based data. These factors include such phenomena as fires
that are too small to be detected remotely, fires that occur at times different than the
satellites detection, cloud coverage, and others. Previous studies have used more
restrictive definitions. Prescribed bums, for example, have been typically prepared to be
large and hot enough to trigger detection and to bum during satellites detection times.
Assessments by airborne verification of fire pixels have been pre-conditioned on the
existence of thermal anomalies that are large enough to trigger fire classification.
Comparisons between satellite fire products have been limited to detectable fires and to
the overpass times o f the satellites. With our broader definition of accuracy it is
reasonable to expect lower values because it includes more factors.
One might question whether our method of analysis per se contributed to the low
accuracies. Our method does depend on spatial-matching parameters that are not exactly
known in all cases. Too strict of an implementation could conceivably lead to excessively
low accuracies. We do not believe this to be the case. For example, one could be
generous and ignore the requirement for spatial and temporal matching entirely, and
require simply that any fire pixels that occur inside the study regions be considered to
match ground observations. In this case, producer’s fire accuracies elevate to only 6% for
MODIS PM, 10% for MODIS AM and 62% for AVHRR. The user’s fire accuracies
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trivially elevate to 100% simply because there were less fire pixels than fires observed on
the ground for all sensors. Moreover, to the extent these accuracies are elevated by
relaxing the spatial and temporal matching criteria, the increases are more likely to be
caused by artificial agreement than true matching. Simply requiring that the observations
were on the same day reduces AVHRR producer’s accuracy from 62% to 42%, and
user’s accuracy from 100% to 68%. Finally, concentrating the analyses near the roads
where our position estimates are the best (V = l km) does not substantially increase the
accuracies as one might expect if position errors are to blame.
The accuracies we calculated also accounted for the impact of different sampling
time between ground observations and satellite detections. The results demonstrated that
accounting for differences between observation and detection times lowered fire
accuracies for both instruments. To understand this result, it is important to begin by
noting that any method that aims to correct for time differences between observations has
to account for the possibility that the surface changes states between observation times.
For example, fires can potentially bum out or be initiated during the interval. If the
probabilities of these events were equal, their effects would offset and cancel in the
calculation of the accuracies. However, if they were not equal, correcting for time could
affect the accuracy calculations. Our data indicated that these probabilities are not equal.
Fires have a bum length that is typically on the order of hours, which implies that
observations of fires are valid for only relatively short periods of time. Areas that were
not burning, on the other hand, were likely to remain in this state for relatively long
periods because fires are rare overall. With this asymmetry, fire accuracies should
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generally be reduced when accounting for sampling time differences because the weight
on matches commonly decrease in time more rapidly than the weight on non-matches.
We next evaluated the effects of several non-methodological factors that could have
caused low accuracies. In particular we estimated the impact of fire size, fire type, and
cloud coverage on the accuracies of the products. One limitation to perform these
analyses is the small sample size we have managed to obtain. While 162 observed fire
events is a large number in some contexts, it is a small number when one tries to partition
multiple effects. With this caveat in mind, we searched for trends in the relations between
accuracies and complicating factors for fire detection.
Fire size is important to evaluate as a limiting factor for fire detection because
satellite thermal sensors may not identify small (low energy) fires (Setzer and Malingreau
1996; Boles and Verbyla, 2000; Kasischke et al. 2003), and because it is not generally
well understood how many small fires there are. We estimated the probability of
obtaining our results under the null hypothesis that fire size was not a factor. We
aggregated the ground data to two binomial classes, small and non-small, and applied the
binomial theorem. The data from the field aggregated in this way totaled 28% small and
72% non-small fires. Under the null hypothesis that size was not a factor, this gave an
estimate of the binomial parameter p , the probability of detecting a small fire, of 0.28.
The binomial parameter n, the number of trials, was set equal to the number of matches.
For AVHRR, the maximum number of matches was 10 (Analysis 3), none of which were
small. Given these parameters, the probability of detecting 0 small fires in a sample of 10
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is less than 5%, implying that we should reject the null hypothesis and consider fire size
as a significant factor.
A direct estimate of the expected omission error due to fire size could be calculated
if one knew the size thresholds of the fire products and the area actively burning at the
overpass times. The fire front size threshold for AVHRR has been estimated to be 50 m
(Setzer and Malingreau 1996). For MODIS, an estimate of the minimum detectable fire
size is 100m2 (NASA 2004). Because our method for data collection was not constrained
to overpass times, our data do not provide direct estimates of the actively burning area at
the time of satellite overpass in most cases. However, if one assumes that our estimates of
fire size are representative of the area actively burning at the overpass times, then the
small fires we observed are not likely to have been detected, and the expected omission
error is 28% (the proportion of the small fires in the ground data) for both fire products.
While the expected omission error may be somewhat larger if the actively burning area
were consistently smaller than our size estimates, we conclude that fire size is an
important factor but is unlikely to account for all observed omission error.
The next factor we analyzed was land cover. Land cover is important to evaluate as
a potentially complicating factor because different land covers have different properties
that can affect fire frequency and detection, such as fuels, albedo, and land-use activities
(Eva and Lambin, 1998; Li et al. 2003). To evaluate land cover, we compared two
frequency distributions of land cover types on which fires occurred: one for all ground
observations (Figure 3.2) and the second for fire matches. For the two important
categories of fires on pastures and woody savannas, the values of these distributions were
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nearly equal, implying no bias. For the remaining categories there was some evidence of
bias, however. Eighteen percent of the fires observed on the ground were in the three
categories o f savannas or grasslands, forests, and croplands, but none of the matches were
in these categories. In addition, one third of the fires observed on the ground were
classified as “other”; for matches, this fraction was higher and was 55%. These categories
where there were biases tend to be either small or very heterogeneous and will require
further studies to interpret.
Cloud coverage is another potentially important factor. Clouds can physically mask
the passive detection of thermal anomalies by satellites leading to omission errors (Boles
and Verbyla, 2000; Ichoku et al. 2003). They can also create glare, which can appear as
artificial thermal anomalies and lead to false positives (Li et al. 2000). To evaluate the
impact o f clouds on our results, we tested the null hypothesis that cloud coverage and fire
occurrence were not related. For AVHRR, we used state-level daily cloud-cover data
from CPTEC. For MODIS PM, we used scene-level cloud information from the MODIS
product. Considering values from both sensors with parameter values that led to the
maximum number o f matches, the coefficient of correlation between cloud cover and
producer’s accuracy was equal to 0.47 with 12 degrees of freedom. Between cloud cover
and user’s accuracy the correlation coefficient was equal to 0.31 with 3 degrees of
freedom. Statistically testing these correlation coefficients at a 5% percent level of
significance (Khazanie 1996), we cannot reject the null hypothesis. Thus, despite of the
expectation o f a significant cloud effect, we did not find one in this study presumably
because of our small sample size or the coarse-resolution cloud data used.
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Assessment studies such as this one can be used to improve the interpretation of
satellite data and potentially inform the development of new algorithms and sensors. For
example, our results show that limited remote sensing sampling frequency and small fire
size contributed to low accuracies of fire detection. Future products should be developed
to sample at greater frequency and lower energy thresholds to detect a greater fraction of
the fires on the landscape. The challenge for increasing frequency could potentially be
met by geostationary platforms or more rapidly orbiting sensors. The challenge for
reducing the energy threshold could potentially be met by higher spatial resolution. The
many efforts that are under way to meet these challenges by NASA and other agencies
should be continued and even expanded. The key to this study has been the relatively
large set of ground-based data without which such assessments could not be performed.
To build on the results from this study, a larger investment in ground-based data on fires
and the statistical analyses that relate them to satellite observations is needed. If this
investment were made it would lead to more accurate fire products, that in turn would
enable significant advances in a diverse set of environmental sciences, and in
atmospheric studies in particular.
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CHAPTER IV

DETERMINING RELATIONSHIPS BETWEEN LAND-COVER CHANGE AND
FIRE ACTIVITY USING SATELLITE DATA FOR RONDONIA, BRAZIL

4.1 Summary
Several observational and modeling studies have indicated that changes in land use
and cover are significant factors for fires in Amazonia. In particular, previous studies
show that changes from forest to cleared areas are important factor. However,
descriptions on how the multiple stages of forest conversion affect fire activity are rare.
In order to find detailed relations between fire activity and changes in land use and cover,
we analyze data on land-cover transitions rates together with information on fire activity
for a study region in Rondonia, Brazil. Land-cover transition rates were based on an
analysis of sequential Landsat images, and include spatially-resolved information on
transitions between three main vegetation classes: forest, secondary, and clear. Fire data
were based on NOAA12, NOAA14, and GOES8 active-fire detections. Analyzes for
1995-96 show that there is a significant linear relationship between fire activity and landcover change. In particular, fire activity was positively correlated with fragmentation and
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losses of forest area. The removal of forest biomass and the age of forest conversion are
shown to be dominant factors. These results show that detailed land-cover transitions
information can be useful for building fire models for Amazonia. Simple statistical
models were able to explain up to 94% of the variance in the fire activity data, operate at
higher spatial resolution than previous models, and are useful to evaluate the impacts of
different scenarios of land-cover changes on fire activity in the region.

4.2 Introduction
Results form numerous studies have indicated that fires in Amazonia are related to
changes in land cover and land use. Fires are used in land clearing and maintenance, as an
inexpensive tool for converting forests into agriculture lands (Nepstad et al. 1999a),
keeping forest vegetation from re-growing (Hughes et al. 2000), removing weeds
(Nepstad et al. 1999a), and maintaining areas for croplands and pastures (Kauffman et al.
1998). Managed areas typically rotate between active and fallow periods, followed by
fires for secondary-vegetation removal and soil fertilization (Guild et al. 1998).
Associated to these practices, accidental fires may represent a considerable number of
events reaching neighboring forests and properties that are not intended to bum (Nepstad
et al. 1999a, Hughes et al. 2000). At regional scale, the spatial patterns of fire activity
determined by satellites reflect the relations between fires and land-use. Satellite-based
fire patterns are similar to, for example, the patterns of deforestation (Skole and Tucker
1993), paved roads (Prins et al. 1998a, Laurence et al. 2001, Cardoso et al. 2003), forest
edges (Cochrane and Laurance 2002), and logging activities (Cochrane et al. 1999,
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Nepstad et al. 1999). While the reasons why fires happen may vary from one location to
another, the general pattern is that fire activity is largely involved with changes in land
use and land cover.
At the same time, modeling studies have implemented land-cover and land-use
factors together with climate variables to explain fire occurrence in the region. For
example, timber extraction is a factor used in the fire-susceptibility model R isQ u e9 8 by
Nepstad et al. (1999a). Models of fire activity at large temporal and spatial scales by
Cardoso et al. (2003) focus on the presence of deforestation and distance from paved
roads. The latter used as an index of accessibility to forest areas. In relation to the
diversity o f factors that can be derived from the observational studies listed above (land
clearing, secondary vegetation removal, land fertilization, accidental fires, etc.), fire
models consider land-cover and -use processes in a very simple way. What is generally
represented in the modeling studies above is the impact of disturbance to forest areas.
Although disturbance to forests is a significant factor for fires, more detailed relations are
needed. For example, we need relations that are able to account for the impact of the
multiple probable states of the deforested/managed on fire activity. Such tools would be
useful to evaluate the potential impacts of distinct land-use practices on fire activity, and
help planning on future development in the region.
One way to make progress is by performing detailed assessments of the relations
between fire occurrence and land cover and use changes. In the ideal situation of having
complete information, one could parameterize the statistical relations between these
processes and produce the basis for building models for fire activity in the region. While
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complete data on these processes do not exist, recent land-cover transitions datasets
combined to known data on fire activity are now a source of information for performing
such tasks. In this study, we determined relations between fires and changes in land cover
by analyzing detailed satellite-based information on land-cover transitions together with
data on fire activity for a study region in Rondonia, Brazil. Land-cover transitions
information are based on analyses of sequential Landsat images acquired between the
onset o f the fire seasons in 1995 and 1996. The data include spatially-resolved estimates
for transitions between three main vegetation classes: forest, secondary, and clear.
Related fire data are based on active-fire detections from two satellite products. One
product is based on data from the geostationary satellite GOES8 (Prins et al. 1994,
1998a), and other is based on data from the polar-orbiting satellites NOAA12 and
NOAA14 (Setzer and Malingreau 1996, CPTEC 2004).
Fire activity and land-cover change were related using two sets of hypotheses. One
set of hypotheses assumes that fire activity is driven by the areal extent of the land-cover
transition. Another set of hypotheses assumes that fire activity is driven by the number of
land-cover transition events. We performed single-factor analyzes, where we related fire
information from each fire product to data on land-cover change for each transition type
in separate. Next we performed multi-factor analyzes relating fire activity to
combinations o f land-cover transitions types. We found a significant linear relationship
between fire activity and land-cover change. Fire activity increased with fragmentation
and losses o f forest area, consistently with results from other previous studies (e.g.
Cochrane and Laurance 2002, Skole and Tucker 1993), and indicating a significant
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correspondence between the fire and land-cover change datasets we used. Both fire
products reported similar trends in fire activity, and gave similar qualitative results.
GOES8 reported more fires and correlated better with changes in land-cover.
The combination between detailed land-cover change data and fire activity
information have a strong potential to help characterize the relations between fire activity
and changes in land cover and land use in Amazonia. The relations we found indicate that
that forest clearing and the age of forest conversion, followed by maintenance of cleared
areas were major factor for fires in the analysis region. These relations have implications
for building fire models needed to evaluate the impacts of different scenarios of landcover changes on fire activity in the region.

4.3 Methods
4.3.1 Datasets used
4.3.1.1 Land-cover transitions
Data on land-cover transitions are from sequential Landsat-based maps, acquired
between June 1995 and June 1996 for a study region in Rondonia, Brazil. Land-cover
maps included three main vegetation classes: forest, secondary, and clear. Sequential
images gave information on transitions from forest to forest (FF), from forest to
secondary vegetation (FS), forest to clear (FN), secondary to forest (SF), secondary to
secondary (SS), secondary to clear (SN), clear to clear (NN), and clear to secondary (NS).
We define a land-cover change event as an area covered by the same transition type.
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Because the time interval between images is one year, transitions from clear to forest
were also considered as unknown. The spatial resolution of the dataset is 0.00026-deg.
Within the study region (Figure 4.1a), the changes from forest to other land-cover
types generally define fishbone-like spatial patterns of forest conversion irradiating from
roads, similarly to patterns of deforestation from other studies (e.g. Cochrane and
Laurance 2002, Skole and Tucker 1993). The number of events was generally inversely
proportional to the area occupied by each land-cover transition category (Figure 4.1b). In
average, SF events had the smallest size but the largest frequency, and FF events were
largest and least numerous. The majority of the study region remained forested covered
by areas of transitions FF (79.6%). A second major fraction remained cleared, covered by
transitions NN (7.9%). Transitions FF had the largest average clump size (81.5
ha/clump), followed by transitions NN (6 ha/clump). Other transitions had average clump
sizes varying from 0.3 to 1.3 ha.

4.3.1.2 Fire activity
Information on fire activity for the burning season (June to October) in 1995, were
provided by two satellite products. One product is based on the non-interpolated UWMadison Automated Biomass Burning Algorithm (ABBA) using fire detections from
GOES8 (Prins et al. 1998, CIMSS 2004). This product provided fire information at four
daily detection times (11:45, 14:45, 17:45, and 20:45 GMT) at 0.04-deg spatial resolution
(Figure 4.2). The data from the GOES8 satellite provided fire information for the entire
fire season, and are referred here as GOES8. Other dataset is from the Brazilian Institute
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for Space Research (INPE), based on nighttime (21-23 GMT) NOAA-12 and afternoon
(16-18 GMT) NOAA-14 fire detections at 0.011-deg (Setzer and Malingreau 1996,
CPTEC 2004). Detections from June to mid-August were based on NOAA14, and
detections for the remaining period were based on NOAA12. Data from the former is
referred to as simply NOAA14 and data from the latter as NOAA12. The combination of
data from both NOAA12 and NOAA14 is referred to as NOAA1214.
Fire data were available as fire pixels, or satellite picture elements in which active
burning is detected. Both GOES8 and NOAA1214 reported similar trends in fire activity
(Figure 4.2). Most of the fire detections occurred in August-September. Data from
GOES-8 showed a daily cycle where more fires were detected in the afternoon than in the
morning or at night, comparable to temporal trends for other regions in South America
(CIMSS 2004). The number of fire pixels detected by NOAA12 and NOAA14 were
generally smaller than the number of fire pixels detected by GOES8 (Figure 4.2b), but
both products reported fires in related regions (Figure 4.2d).
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Figure 4.1 - Land cover transitions from June 1995 to June 1996 in the study region in
Rondonia, Brazil, (a) Data are based on sequential Landsat maps, which proved
information on transitions from forest to forest (FF), from forest to secondary vegetation
(FS), forest to clear (FN), secondary to forest (SF), secondary to secondary (SS),
secondary to clear (SN), clear to clear (NN), and clear to secondary (NS), at 0.00026-deg
spatial resolution. Areas that could not be classified and transitions from clear to forest
NF are considered as unknown. On the right is an enlargement of the area market by the
yellow square. In (b), the number of events versus total area for each transition type.
Events are defined as areas covered by the same transition type.
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Figure 4.2. Fire activity in the study region during the fire season (June-October) in 1995.
Number o f fire pixels detected by GOES8 in (a), and detected by NOAA12 and NOAA14
in (b). Detection times are shown in (c), where the black dots are for GOES8, the gray
line for NOAA14 and the black line for NOAA12. (d) shows the relation between the
number of fire pixels detected by GOES8 and NOAA1214 at 0.26-deg.

4.3.2 Data analyses
4.3.2.1 Hypotheses for relating the datasets
Fire activity may be related to different process of the land-cover change. One may
expect, for example, that only one or few fires may be needed to clear or maintain a small
portion o f land. On the other hand, large areas may require several fires or a fire that will
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bum longer. In the first example, one or few fires will be potentially detected by satellite.
In the second, the fire activity will potentially be registered as multiple detections in the
satellites data. Another plausible assumption is that each land-cover change event
corresponds to a fire. This assumption is independent of area, and looks only for the
number o f portions of land that suffered change. In reality, both processes may be
important. In correspondence, two main hypotheses were used for relating the datasets on
fire activity and land-cover transitions. One hypothesis assumes that fire activity is driven
by the areal extent o f the land-cover transition. Another hypothesis assumes that fire
activity is driven by the number of land-cover transition events.

4.3.2.2 Preliminary datasets alignment
In order to relate fire activity and land-cover change information, we first aligned
these datasets in space and time. The land-cover transitions were at spatial resolution
~30m and at temporal resolution -year. Fire data had spatial resolution of -lk m and
~4km, at daily and sub-daily temporal resolutions. We aligned the datasets in space by
aggregating the data on a grid. Land-cover change data were aggregated by computing
the total area and number of events of each transition type per grid cell. For each fire
product, the data were aggregated by computing the total number of fire pixels per grid
cell. These steps resulted in data layers of fire activity and land-cover transitions
information with consistent spatial and temporal resolution.
Aggregation allows for reducing alignment errors between datasets, because it
relaxes the need for positioning each datum precisely. However, aggregation also reduces
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the number of grid cells (sample size) to be analyzed, which can affect the statistical
significance o f the relations between the datasets. To combine minimizing alignment
errors and avoid overly reducing sample sizes, we aggregated the data and performed the
analyses below at different spatial resolutions. Three resolutions were attempted: 0.13-,
0.26- and 0.52-degree. These values were chosen to be multiples of the land-cover
change data resolution, and to allow for reducing positioning differences of at least one
grid cell in each direction for all datasets.

4.3.2.4 Single-factor analyses
We started the data analyses applying the hypothesis that fire activity is related to
the areal extent o f the land-cover change. To measure these relations, we calculated
simple coefficients o f linear correlation (Zar 1999) between the number of fire pixels
from each fire product and the area occupied by each land-cover transition type per grid
cell. We repeated the calculations for the three levels of spatial aggregation described
above, searching for sets o f analyses that gave coefficients of correlation that were both
highest and statistically significant. The statistical significance of the coefficients of
correlation was tested based on their p-values (Khazanie 1996, Berenson et al. 1988).
In all cases, the coefficients of correlation increased as the resolution of the
aggregated datasets decreased, because positioning errors between datasets were smaller
at lower resolutions. Analyses at 0.52-deg had the highest coefficients of correlations,
followed by the analyses at 0.26- and 0.13-deg. The statistical significance of the results,
however, decreased as the data were aggregated at lower spatial resolutions. At spatial
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resolution >0.52-deg, the reduced sample sizes lead to coefficients of correlation with
degrees of confidence (t-test) <5% and were not considered statistically significant. The
results from analyses at 0.26-deg gave the best balance between strength and statistical
significance of the linear correlations.
Next we related fire activity to the number of land-cover change events. To
measure these relations, we calculated coefficients of linear correlation between the
number of fire pixels detected by each fire product and the number of land-cover change
events for each transition type per grid cell. As in the area-based analysis above, we
concentrated only on results at 0.26-deg.
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Figure 4.3a,b. Results from the single-factor analysis. In (a), coefficient of linear
correlation between the number o f fire pixels and the area of the land-cover transitions. In
(b), slopes of the linear relations between fires and the area of land-cover change.
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Figure 4.3c,d- Results from the single-factor analysis. In (c), coefficients of linear
correlation between the number o f fire pixels and the number of land-cover transition
events. In (d), slopes o f the linear relations between the number of fire pixels and the
number of land-cover transition events. Analyses are all at 0.26-deg.
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4.3.2.5 Multi-factors analyses
Following the set of single-factor analyses, we statistically related information on
fire activity to linear combinations of land-cover change transitions. These analyses built
on the results from the single-factor analyses by concentrating only on results at 0.26deg, on fire data from GOES8 and NOAA1214, and information on land-cover transitions
area. Analyses at 0.26-deg gave the best combination between strength and statistical
significance o f the linear correlations. Fire activity from GOES8 and NOAA1214 yielded
best correlations with land-cover change. Since the merits of both area- and the eventbased hypotheses were similar, we concentrated only on results using land-cover change
area information because it is easier to interpret and implement area units into models.
For example, areas can be interpreted as fractions of grid cells.
The eight categories of land-cover transitions we have used in this study could be
combined in several ways. As a starting point, we used results from previous modeling
studies where forest cover was identified as an explanatory factor for fires in Amazonia
(Cardoso et al. 2003). In particular that study shows that high forest cover was related to
low fire activity. One way for interpreting that result, making an analogy to the landcover transition classes used in this study, is that a simple binary classification of landcover change into the classes forest-to-forest and “other” can be used as a first
approximation to estimate fire activity. Using this analogy, the combinations of landcover transitions for multi-factor analyses started with the category FF.

Other

land-

cover transitions categories were then combined to FF using two methods. In one set of
analyses (Residual analyses), the combinations were determined by progressively
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including parameters that improved the agreement between model results and satellitebased data, similarly to a Stepwise Regression (Dowdy et al. 2004). We first searched for
the land-cover factor that best improved the model based on FF only. The factor was
chosen based on its power to explain the residues (modeled minus satellite-observed
number of fire pixels) from the forest-forest model, and then combined with forest-forest
defining a second model. We next searched for the additional land-cover change category
that best explained the residues from the second model. We repeated this process until the
amount of the variance in the fire data explained by the achieved model and by the model
using all land-cover categories were similar.
In a second set o f analyses (Conceptual land-use models), the combinations were
determined based on conceptual models for the changes in land-cover. In these models,
we assumed that the changes in land-cover were caused by land-use, and classified the
data into the major categories of “new settlement”, “maintenance”, and “recovering”
areas. New settlement combined the transitions FS and FN, and represents the initial
stages o f the forest conversion where forests are cut and bum to form pasture or
agricultural areas. Land maintenance combined transitions NN and SN, and represents
land under active management such as pasture maintenance, weed control, and cutting
and burning secondary vegetation. Recovering categories combined the transitions NS,
SF, and SS, representing areas of regenerating vegetation such as abandoned pastures and
croplands, and recovering secondary vegetation.
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4.4 Results
4.4.1 Single-factor analyses
Area- and event-based hypotheses had similar merits explaining fire activity
(Figure 4.3). In both cases we found a considerable linear relationship between fire
activity and land-cover change. Correlations were highest for GOES 8 followed by
NOAA1214 in all cases, and correlations for NOAA12 and NOAA14 were similar and
smaller. The mean absolute value of the coefficient of correlation between the number of
fire pixels and the area o f the land-cover transitions was equal to 0.85 for data from
GOES8, 0.51 for data from NOAA12, 0.52 for data from NOAA14, and 0.60 for
NOAA1214 (Figure 4.3a). The correlations between the number of fire pixels and the
number of events were in general slightly higher; the mean absolute value was equal to
0.87 for data from GOES8, 0.57 for data from NOAA12, 0.53 for data from NOAA14,
and 0.64 for NOAA1214 (Figure 4.3c).
Under both area- and event-based hypotheses, data from all fire products gave
similar qualitative results. The correlation between fire activity and area of transitions FF
was negative for all fire products (Figure 4.3a). The coefficients were equal to -0.87 for
data from GOES8, -0.66 for NOAA1214, -0.60 for NOAA12, and -0.55 for NOAA14.
The correlation between fire activity and areas of other transitions types were positive.
For fire data from GOES8, the values ranged from 0.78 for NN to 0.93 for NS. For
NOAA12, the values ranged from 0.26 for FN to 0.58 for SF. For NOAA14, the values
ranged from 0.43 for FS to 0.58 for NS and SF. For NOAA1214, the values ranged from
0.46 for FN to 0.68 for SF. The coefficients of linear correlation between the number of
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fire pixels and the number o f land-cover transition events were positive in all cases
(Figure 4.3c). Correlations for GOES8 ranged from 0.83 for transitions FF to 0.93 for
FN. For NOAA12, the values ranged from 0.52 for FS to 0.64 for FF. For NOAA14, the
values ranged from 0.50 for FS to 0.56 for FN and NN. For NOAA1214, the values
ranged from 0.59 for FS to 0.68 for FF.
The slopes o f the linear relations between fires and the area of land-cover change
had similar patterns as the coefficients of correlation. In the area analyses, the slopes
between the number o f fire pixels and the area of transitions were negative for FF and
positive for all other categories (Figure 4.3b). The slopes between the number of fire
pixels and the number o f transitions clumps were positive in all cases (Figure 4.3d). In
both area and events analyses, the slopes were highest for fire data from GOES 8,
followed by data from NOAA1214, NOAA14 and NOAA12.
The magnitudes o f the slopes generally reflected the pattern of area and number of
events for each land-cover transition type. For all cases in the area-based analysis, the
transitions SF had the highest slopes, followed by transitions NS, FS, FN, SS, SN, NN,
and FF. For all cases in the event-based analysis, transitions FF had the highest slopes
followed by NN, and transitions SF had the smallest slopes followed by FS; GOES8 and
NOAA1214 had similar pattern, where the slopes were highest for FF, followed by NN
and FN, and slopes were smallest for SF, followed by FS and SN.
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4.4.2 Multi-factor analyses
From the residual analysis, FN was the land-cover change class that best explained
the residues from the FF model in reproducing the fire activity detected by GOES 8
(Figure 4.4a). In addition to FN, the factors that defined the best combination with FF
were FS and NS. The model defined by combining FF, FN, FS and NS explained nearly
the same amount of variance in the GOES8 fire data (R2=0.939) as the model that used
all land-cover factors (R2=0.944). In reproducing NOAA1214 data, NS was the transition
that best improved the model defined by FF only (Figure 4.4b). In this case, no model
based on few land-cover change categories had a performance similar to the model built
by combining all categories in explaining the variance in the fire data detected by
NOAA1214 (R2=0.536).

T

o

reach a similar level of performance, we combined NS and

FF to FN, FS, NN, SS and SF. Secondary-to-clear was not included.
The conceptual land-use models explained a significant fraction of the variance in
the fire data detected by GOES8 (Figure 4.4a). The R2 values for these models ranged
from 0.777 to 0.920. The fraction of the variance explained by the maintenance model
(FF, NN and SN; R2=0.777) was smaller than the fraction explained by the new
settlement model (FF, FN and FS; R2=0.920) and by the recovering model (FF, NS, SF
and SS; R2=0.911). The conceptual land-use models had similar merits in reproducing the
fire activity detected by NOAA1214 (Figure 4.4b). The R2 values for these models
ranged from 0.440 to 0.508. The fraction of the variance in the fire data explained by the
recovering model (R2=0.508) was slightly higher than the fraction explained by the

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

maintenance model (R2=0.452), and the fraction explained by the new settlement model
(R2=0.440).

GOES8
Residual
analyses

FF FN
FF FN F S

FF FN F S N S
N ew Settlement
Conceptual

(FF, FN, FS )

land-use

Maintenance

models

(FF, NN, S N )

Recovering
(FF, NS , S F , S S )

All f ac t or s

0.40

0.60

0.80

1.00

(a)
Figure 4.4a - Results from the multi-factor analysis for GOES8. The combinations of
factors in the residual analyses were determined by progressively including land-cover
transitions that improved the agreement between model results and satellite-based data.
New settlement model is defined by the combination of transitions forest-clear and forestsecondary; land maintenance is defined by transitions clear-clear and secondary-clear;
and recovering by categories clear-secondary, secondary-forest, and secondarysecondary. All results are from analyses at 0.26-deg.
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Figure 4.4b - Results from the multi-factor analysis for NOAA1214. The combinations
of factors in the residual analyses were determined by progressively including land-cover
transitions that improved the agreement between model results and satellite-based data.
New settlement model is defined by the combination of transitions forest-clear and forestsecondary; land maintenance is defined by transitions clear-clear and secondary-clear;
and recovering by categories clear-secondary, secondary-forest, and secondarysecondary. All results are from analyses at 0.26-deg.
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Table 4.1 - Matrix of coefficients of correlation between land-cover transition areas.
Analysis at 0.26-deg.

FF
SF
FN
FS
NN
NS
SN
SS
FF
1.00 -0.66 -0.75 -0.96 -0.93 -0.95 -0.97 -0.92
1.00 0.03 0.5 1 0.83 0.72 0.63 0.68
FN
FS
1.00 0.58 0.S9 0.82 0.72 0.77
1.00 0.83 0.87 0.93 0.83
NN
1.00 0.96 0.89 0.89
NS
■HH
M
K
W
Hffll 1.00 0.96 0.96
:*v.v
SF ■ ■ M l m i
saMMi
SN
1 00 0.97
Ib B M
SS
1.00

Table 4.2 - Matrix o f coefficients of correlation between land-cover transition number of
events. Analysis at 0.26-deg.
FF
FN
1.00 0.93
1.00

FF
FN
FS
NN
NS I S B
SF
SN
SS

FS
NN
NS
0.91 0.93 0.97
0.96 0.99 0.97
1.00 0.97 0.96
1.00 0.98
1.00

.'f ,
gpplp....
lllllp8p.gjj ...... 1
__

SF
SN
0.96 0.98
0.94 0.93
0.96 0.93
0.94 0.92
0.97 0.96
1.00 0.99
1.00

SS
0.97
0.95
0.97
0.96
0.98
1.00
0.99
1.00
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4.5 Discussion
Fire models for Amazonia are needed to understand the functioning of the region,
and to consider on the sustainability of its land-use practices (The LBA Science Planning
Group 1996, Keller et al. 2004, Cochrane 2003, Laurence et al. 2001). While existing
models are useful for projecting fire risk and activity, improvements in mechanistic
relations between fire and land-cover changes are desirable. To advance on determining
these relations, we analyzed data on fire activity together with recent information on
land-cover transitions for a study region in Rondonia, Brazil. The data we related using
land-cover change area- and event-based hypotheses, and single- and multi-factor
analyses. Area- and event-based hypotheses had similar merits explaining fire activity.
While both assumptions may be operating with equivalent importance in the study
region, the similarities in their results are likely to be caused by the high correlations
between area and number o f events for all transition types (R > 0.8).
Major aspects of our results should be noted. First, the relations between fire
activity and land-cover transitions we found confirm results from previous studies
showing that deforestation and forest fragmentation are important factor for fires in
Amazonia (Nepstad et al. 1999, Cochrane and Laurance 2002, Laurance et al. 2001). The
former is indicated by the high negative correlations between fire activity and area of
transitions FF, and the latter is indicated by the high positive correlations between fire
activity and the number of FF events. Second, the connection with previous studies
further implies that we have three important components in agreement: the fire products
work properly, the information on land-cover transitions are accurate, and our knowledge
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on basics relations between fire activity and land-cover dynamics correspond to the
processes happening on the ground. Third, our results show that detailed information on
land-cover change, including the transitions occurring on deforested/managed land are
useful for explaining fire activity. This can be seen from the high fractions of the
variability in the fire data that is explained by the combinations of land-cover transitions
and by individual categories such as NS, which are not present in current deforestation
estimates.
One surprising result was the high positive correlations between fire activity and
transitions NS and SF. These were also reflected in the multi-factor analyses considering
the recovering model, which combines NS and FS to transitions FF. This model ranked
very high for reproducing fire data from GOES 8, and was the best conceptual land-use
model for reproducing data from NOAA1214. Transitions NS and SF resulted from
regeneration of the vegetation and were not expected to be positively correlated with fire
activity. Our interpretation for these results is associated to the facts that events NS and
SF are in average smaller than the majority of other land-cover change events, and
occurred nearby deforested and managed areas. These can be visualized from the patterns
in Figure 4.1, and from the correlations in Tables 4.1 and 4.2. At the spatial resolution of
our analyses, the transitions NS and SF were highly negatively correlated with transitions
FF, and highly positively correlated with all deforestation and maintenance classes.
Although it seems that the spatial effects of categories NS and SF on fire activity are
mixed with the effects of other transitions, we believe that their presence is an indication
o f recent areas o f forest conversion. This point is discussed below with more details.
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In our results, there are indications that forest biomass removal and the age of the
forest conversion were major factors for fires in the study region. The effect of forest
clearing is suggested by both residual and conceptual land-use analyses, which showed
that the “new settlement” model explained a major fraction of the variance in the fire data
detected by GOES8. In addition, for both GOES8 and NOAA1214 the first three
iterations in the residual analyses lead to the combination that forms the “new settlement”
model (FF, FS and FN). The interpretation that forest biomass removal is a significant
factor for fire activity in the region makes sense because fires are commonly used in
forest clearing (Lovejoy 1991, Kauffman et al. 1995), and machines are not extensively
used to remove trees or clear the land for agriculture and pasture (Kauffman et al. 1995,
Nepstad et al. 1999a, Feamside et al. 2001, Carvalho et al. 2001).
The effect of the age of the forest conversion is suggested by the results from both
single and multi-factor analyses for transitions NS and NN. The areal extent of transitions
NS was found to be a significant factor for fires. Individually, NS gave the highest and
the second highest correlation with fire data from GOES 8 and NOAA1214, respectively.
Clear-to-secondary is also an important factor in combinations with data on transitions
FF. One way to interpret these results is that NS occur more frequent at early stages of
forest conversion, when forest vegetation is more likely to regenerate (Feamside and
Guimaraes 1996, Kauffman 1998, Hughes et al. 2000). In these areas, fires may thus be
more frequent to prevent forest from regrowing than in areas of old deforestation such as
old pastures, urban areas, and other cleared areas. Related indications are from the results
for the area of transitions NN and the “maintenance” model. Clear-to-clear had the lowest
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correlation with fire data from GOES8, and the fourth lower correlation with fire data
from NOAA1214. Transition class NN is also present in the maintenance model, which
ranked low for explaining the variance in the fire data detected by both GOES 8 and
NOAA1214. One possible interpretation is that fire activity may be lower in the cleared
areas represented by NN, where forest conversion is potentially older than in other areas.
Once grasslands are established, fire frequency may be lower and needed only to renew
pastures (Kauffman et al. 1998) or happen by accident (Nepstad et al. 1999a). In addition,
the combination between transitions FF, FN, FS (the “new settlement” model) and NS
ranks high for reproducing fire data from both GOES 8 and NOAA1214, and can be seen
as the integration of the effects form both forest clearing and age of forest conversion.
Our analyses also suggest interesting similarities and differences between the fire
products analyzed. Generally, both GOES8 and NOAA1214 detected similar patterns of
fire activity. The consistency between these fire products is important and helps support
the interpretation of our analyses. Data from GOES8, however, reported more fire pixels
and correlated better with the land-cover transitions information than the data from
NOAA1214. To understand these differences, one needs to consider that different
products can be expected to have distinct sampling characteristics. For example, data
from NOAA1214 have significantly higher spatial resolution than data from GOES8. At
nadir, approximately 16 NOAA1214 pixels fit in one GOES8 pixel. On the other hand,
geostationary GOES 8 detected fires four times a day, whereas orbiting NOAA12 and
NOAA14 detected fires once a day.
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In addition to sampling strategy, the spatial and temporal aspects of the fire
occurrence are also important. For example, let us consider that fires may occur at
anytime. Then if fires happen in clusters of l-5km, NOAA1214 would detect more fires
than GOES 8; otherwise both products would potentially report similar fire frequency per
sampling event. Let us now assume that fires occur preferably at some specific periods of
times. In this case, NOAA1214 would detect more fires than GOES8 if fires correlated at
l-5km and occurred near NOAA1214 detection times, or if fires occurred rather at
NOAA1214 detection times. Taken spatial and temporal effects together, the higher
correlations for data from GOES 8 indicate that this fire product was favored by its higher
sampling frequency, and suggest that sub-daily temporal resolution is a fire sensor’s
characteristic that is as important as high spatial resolution.
Detailed land-cover transitions information can significantly contribute to
determine relations between fire activity and changes in land cover in Amazonia. These
relations are useful for building fire models that needed to evaluate the impacts of
different states o f the deforested/managed land on fire activity, and to project fire activity
according to different scenarios of land-use in the region. Using the simple statistical
models from this study in a hypothetical and simplified long-term scenario of the land
cover changing from forest to clear, we expect fire activity to respond with three different
intensities related to conversion stages. Immediate before conversion, fire activity is
nearly zero. At the early stages of forest conversion, fire activity would increase
significantly reaching a maximum defined by the need of removing forest biomass. After
this phase, fire activity will decrease and be related to land maintenance. While less
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intense than at early stages of forest conversion, typical long-term fire activity is likely
higher then before forest conversion. Fires will be potentially not only a short-to-medium
term process related to the removal of the forest biomass, but a long-term effect of the
maintenance of non-forest areas.
Future research should include methods to find relations between fires and landcover change at higher temporal resolution. The relations and resulting models from this
study have a fire-season time resolution. Projections at sub-monthly/monthly time steps
will be important, for example, in warning systems and atmospheric composition studies.
Information on land-cover transitions should also be combined to data on climate,
allowing finding relations that can be used in larger temporal and spatial applications
where climate is not expected to be homogenous. Finally, investments on detailed
scenarios of land cover and use are needed and will greatly support accurate projections
of fire activity in Amazonia.
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Appendix A: Simple “Goodness-of-fit” Metric
During model development, a simple likelihood statistic (Edwards 1992) was used
as a measure of the “goodness-of-fit” for model-data comparisons. In particular, we
implemented a version of the Metropolis simulated annealing algorithm (Metropolis et al.
1953, Press et al. 1992) to find functional forms and parameter values that maximize the
following log-likelihood (1) equation:

l = Zi (- ln(a) - ((Mi - Fj)2 / 2 a 2))

(Al)

where i is a index for each grid point, Mi is the modeled number of fire pixels, and Fj is
the number of fire pixels from data. We stress that this metric was not used as a formal
statistic, but to identify parameters and functional forms that enhanced the model’s ability
to reproduce the data.

Appendix B: Cloud correction
Consider a three-dimensional potential fire detection space, where two dimensions
are the horizontal grid coordinates (x,y), and the third dimension is the detection time
intervals. This fire detection cube can be seen as formed by many layers of fire pixel
maps, each layer corresponding to a specific detection time. This cube can be filled by
three fractional components: fires (F), no fires (N), and unknown (U):

(A2)

F+N+U= 1
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F is given by the fire data, U was determined from coincident cloud cover data
acquired by GOES-8 (provided by E.M. Prins and J.M. Feltz, personal communication,
February 2001), and N was solved for using Equation (A2). Assuming that fires occur
with the same frequency under clouds as in the open, the number of fire pixels detected
by the satellite can be corrected for each grid cell i as Fi*:

(A3)

Fi* = Fi + (Fi/(Fi+ N i) ) U i

which is equivalent to simply:

(A4)

Fj* = Fj/(1-Uj).

Assuming that clouds do not interfere with detection corresponds to the case with Uj=0.
We emphasize that this is a simple correction that does not include other potentially
complicating factors.

Appendix C: Forest loss as a function of distance from paved roads
To estimate the loss o f forest due to planned paved roads, we adapted published
relations between forest loss and distance from paved roads from Laurance et al. (2001)
to this study. Because the distance classes of interest in this study differ from those in
Laurance et al. (2001), we derived a new set of forest-loss values consistent with the
trend in that study. Figure A l shows the values from Laurance et al. (2001), a curve
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adjusted to those values, and the distance classes used in this study. We implemented
forest loss values from this trend line averaged over the corresponding distance class
interval.
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Figure A l - Relationship between forest loss and distance from paved roads. Data are
from Laurance et al. (2001).

Appendix D: Ground-based fire data
This appendix presents a table with the fire data collected on the ground in Para and
Mato Grosso, Brazil. The column ID is the fire identification number. D a te is
concatenated as year-month-day (yyyymmdd). Tim e is in GMT. Obs L a t and O bs L o n are
the latitude and longitude of the observation position, respectively. E v e n t L a t and E ven t
L o n are latitude and longitude of the fire event position, respectively. S ize is categorized
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as small (S, < 0.25 ha), medium (M, 0.25-1 ha), large (L, > lha), and unknown (U). L C is
the land cover on which the fire was burning, categorized as pasture = 1, woody savanna
= 2, forest = 3, cropland = 4, savanna/grassland = 5, coal production/sawmill = 6, and
other = 0.

Time Obs Lat Obs Lon Event Lat Event Lon Size
1 20011103 15:33 -5.335 -49.085 -5.287 -49.132 L
2 20011103 15:35 -5.304 -49.072 -5.304 -49.072 S
3 20011103 15:35 -5.304 -49.072 -5.336 -49.104 S

ID

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Date

20011103 15:35
20011103 15:35
20011103 16:16
20011103 16:20
20011103 16:33
20011103 17:29
20011103 17:45
20011103 18:08
20011103 18:31
20011103 19:09
20011103 19:09
20011103 19:27
20011103 19:30
20011103 19:55
20011103 20:05
20011103 20:05
20011103 20:48
20011103 21:12
20011104 13:41
20011104 14:40
20011104 14:50
20011104 14:52
20011104 15:27
20011104 15:29
20011104 15:38
20011104 16:01
20011104 16:13
20011104 16:27
20011104 16:45
20011104 17:06
20011104 17:11

-5.304
-5.304
-5.104
-5.091
-5.093
-5.039
-4.984
-4.984
-4.800
-4.922
-4.922
-4.983
-4.998
-5.072
-5.114
-5.114
-5.276
-5.361
-5.300
-4.976
-4.873
-4.864
-4.504
-4.485
-4.412
-4.167
-4.034
-3.868
-3.804
-3.802
-3.788

-49.072
-49.072
-48.753
-48.719
-48.674
-48.581
-48.452
-48.452
-48.121
-48.341
-48.341
-48.452
-48.477
-48.673
-48.773
-48.773
-49.073
-49.126
-49.073
-49.076
-49.055
-49.053
-49.100
-49.108
-49.107
-49.056
-49.044
-49.097
-49.134
-49.158
-49.210

-5.336
-5.336
-5.152
-5.187
-5.093
-5.039
-4.984
-4.849
-4.736
-4.922
-4.922
-4.983
-4.998
-5.072
-5.114
-5.114
-5.276
-5.361
-5.300
-4.976
-4.873
-4.864
-4.504
-4.485
-4.412
-4.167
-4.034
-3.868
-3.804
-3.784
-3.788

-49.104
-49.104
-48.706
-48.624
-48.629
-48.581
-48.452
-48.452
-48.184
-48.368
-48.368
-48.452
-48.477
-48.673
-48.782
-48.826
-49.162
-49.171
-49.073
-49.076
-49.055
-49.053
-49.100
-49.108
-49.107
-49.146
-49.044
-49.097
-49.134
-49.158
-49.210

LC

s
s
u
u
L
L
U
S
U

M
M
L
S
U
L
U
L
U
L
U

u
u
u
u
u
L
L
U
L
S
L
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0
0
0
0
0
1
1
1
1
0
0
0
2
2
6
1
0
1
1
0
1
1
6
6
6
6
6
0
1
1
6
2
2
1

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

20011104 17:15
20011104 17:15
20011104 17:21
20011104 17:24
20011104 17:24
20011104 17:24
20011104 17:29
20011104 17:29
20011104 17:34
20011104 17:37
20011104 17:40
20011104 17:40
20011104 17:43
20011104 17:46
20011104 20:05
20011104 20:10
20011104 20:10
20011104 20:10
20011104 20:12
20011104 20:15
20011104 20:25
20011104 20:27
20011104 20:27
20011104 20:27
20011104 20:27
20011104 20:36
20011104 20:38
20011104 20:39
20011104 20:40
20011104 20:44
20011104 20:48
20011104 20:57
20011104 21:21
20011105 15:01
20011105 16:39
20011105 16:58
20011105 17:21
20011105 17:24
20011105 17:33
20011105 17:26
20011105 17:48
20011105 17:48
20011105 17:48
20011105 17:51
20011105 17:53
20011105 18:07

-3.775
-3.773
-3.765
-3.761
-3.761
-3.765
-3.771
-3.771
-3.772
-3.767
-3.764
-3.761
-3.743
-3.747
-3.743
-3.743
-3.743
-3.743
-3.764
-3.772
-3.765
-3.765
-3.765
-3.765
-3.765
-3.798
-3.806
-3.812
-3.817
-3.839
-3.870
-3.985
-4.192
-6.105
-6.097
-6.105
-5.909
-5.889
-5.779
-5.635
-5.614
-5.614
-5.614
-5.569
-5.529
-5.371

-49.252
-49.262
-49.287
-49.303
-49.303
-49.331
-49.373
-49.373
-49.418
-49.456
-49.421
-49.481
-49.516
-49.543
-49.539
-49.514
-49.514
-49.514
-49.472
-49.420
-49.327
-49.286
-49.286
-49.286
-49.286
-49.168
-49.138
-49.117
-49.095
-49.101
-49.093
-49.050
-49.063
-49.390
-49.688
-49.392
-49.211
-49.206
-49.172
-49.104
-49.087
-49.087
-49.087
-49.078
-49.076
-49.078

-3.762
-3.786
-3.765
-3.716
-3.716
-3.765
-3.635
-3.635
-3.781
-3.676
-3.769
-3.625
-3.607
-3.747
-3.743
-3.807
-3.743
-3.743
-3.796
-3.704
-3.765
-3.765
-3.778
-3.765
-3.765
-3.798
-3.806
-3.812
-3.817
-3.839
-3.870
-4.012
-4.192
-6.105
-6.097
-6.105
-5.877
-5.857
-5.779
-5.635
-5.569
-5.596
-5.551
-5.569
-5.484
-5.371

-49.252
-49.262
-49.287
-49.303
-49.303
-49.331
-49.373
-49.373
-49.418
-49.456
-49.421
-49.481
-49.516
-49.543
-49.539
-49.451
-49.380
-49.380
-49.440
-49.420
-49.327
-49.286
-49.286
-49.219
-49.259
-49.123
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Appendix E: Derivation of the equations for the temporal correction
Observing fires on a specific location at the land surface can be seen as a binomial
experiment in which the outcome is either one of the two possibilities: burning or not
burning. On repeated tracks, each point on the land surface has two observations
separated by a period of time t. These pairs of observations can be categorized into two
types: same state, and different state. We define the probability of observing the land
surface in the same state after a period of time t as P (t), and the probability of observing
the land surface in a different state after a period of time t is 1-P(t). Assuming that the
change in state is a binomial random variable, we searched for probability functions P(t)
that maximized the following log-likelihood (I) function (Edwards 1992):
(A l)
where i is a index for each pair of observations for each location.
Because the probability of fires changing state is potentially different than the
probability of non-fires changing state, there are actually two binomial experiments: one
for transitions fire/fire and fire/non-fire, the other for non-fire/non-fire and non-fire/fire.
Let P /t) apply to the first case, and P„(t) apply to the second. We used the data illustrated
in Fig. 3.7 to parameterize simple forms of these functions. Our approach consisted of a
large number of iterations (>10,000) of the Metropolis simulated annealing algorithm
(Metropolis et al. 1953, Press et al. 1992) for each case. The one-parameter exponential
functional form (Equations 3.6 and 3.7) yielded the best results (highest likelihood); the
results are plotted in Fig. 3.7. More flexible 2-parametrer models (e.g. Gaussian) were
attempted, but did not yield improved results.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

